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Abstract 
Characterization of the Stimulation of SNARE-mediated Membrane Fusion by the 
SM protein Mund 8a 
By 
Travis Lincoln Rodkey 
The mammalian neuronal Sed p/Mund 8 protein Mund 8a binds tightly to the 
t-SNARE Syntaxinla in isolation, and the binary Munc18a/Syntaxin1a interaction 
is thought to prevent formation of the Syntaxinl a/SNAP25b t-SNARE complex 
required for intracellular membrane fusion. However, both Seclp and Mund 8a 
are required factors for exocytosis and stimulate in vitro membrane fusion of the 
appropriate preassembled t-SNARE complex and v-SNARE. The experiments 
presented here show that Mund 8a stimulates the initial rate and final extent of 
membrane fusion driven by the neuronal t-SNAREs Syntaxin1a/SNAP25b and v-
SNARE VAMP2 and elucidate the molecular mechanism underlying the increase 
in membrane fusion. Mund 8a binds to the assembled neuronal t-SNARE 
complex in a functional manner much like its yeast homolog Sed p. The 
Munc18a/t-SNARE complex interaction appears to occur through Syntaxinla but 
not SNAP25b because Mund 8a stimulates fusion of a Syntaxinl a/yeast Sec9c 
t-SNARE complex and fails to interact with yeast SNAREs. Mund 8a displays a 
well-characterized interaction with the Syntaxinla N-terminal regulatory domain 
(NRD), but also contacts the Syntaxinl a SNARE Core Complex (H3) domain to 
stimulate fusion because fusion of a yeast t-SNARE complex chimera in which 
the yeast Sso1 p NRD was replaced with the Syntaxinla NRD was not stimulated 
by Muriel 8a. Deletion of a flexible linker region between the Syntaxinla NRD 
and H3 domain that permits movement of the NRD abolishes the ability of 
Mund 8a to stimulate membrane fusion, suggesting that Munc18a may actively 
position the Syntaxinla NRD to favor membrane fusion. In addition, Muriel 8a 
directly and functionally interacts with VAMP2. Taken together, these results 
suggest strongly that Mund 8a acts as a scaffold that increases the efficiency of 
t-SNARE complex and v-SNARE interactions, resulting in accelerated membrane 
fusion. Furthermore, Mund 8a may also function in combination with the calcium 
sensor Synaptotagmin I to enhance neurosecretion at the last stage of 
exocytosis. 
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Chapter 1: Introduction and Background 
1.1 Overview of Biological Membranes 
Biological membranes are a necessary component of life. Cells, their 
organelles, and some types of viruses are surrounded by a plasma membrane 
composed of a phospholipid bilayer according to the classic fluid mosaic model 
(Singer and Nicolson, 1972). Biological membranes serve to compartmentalize 
the interior of cells into organelles and protect the contents of the intracellular 
compartment or entire cell from the intracellular or extracellular milieu. The 
plasma membrane surrounding enveloped viruses serves much the same 
purpose. 
Far from being a homogeneous and static structure, biological membranes 
are composed of a large array of lipids and proteins that exhibit dynamic 
organization and behavior. This organization manifests itself in the presence of 
so-called lipid rafts, which are small (10 nm -100 nm) and relatively short-lived 
islands within the plasma membrane that are typically rich in sterol lipids (Epand, 
2008). Indeed, the lipid composition of biological membranes can display great 
diversity, and some types of lipids have been shown to have specific roles in 
vivo, such as phosphatidylinositol 4,5-bisphosphate (Ptdlns(4,5)P2) determining 
the site of attachment of the actin cytoskeleton to the plasma membrane (Epand, 
2008). 
In addition to lipid molecules, many membrane proteins are present in 
either the inner or outer leaflet of a plasma membrane, and some span both 
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leaflets. Membrane proteins execute many vital processes in vivo, and comprise 
~20-30% of the genome (Fleishman and Ben-Tal, 2006). Membrane proteins 
can be anchored to the plasma membrane in several ways, such as 1 or more a-
helical transmembrane domains composed of mostly hydrophobic residues, or 
through a lipid anchor such as a prenyl, myristyl, or palmitoyl group on the 
cytosolic side of the membrane or a GPI (glycosylphosphatidylinositol) group on 
the extracellular face of the plasma membrane (McNew, 2008). 
1.2 Fusion of Biological Membranes is Necessary for Life 
Although biological membranes exist as discrete compartments that house 
specific contents, it is occasionally necessary to fuse two separate phospholipid 
bilayers together to form a single continuous membrane. The fusion of two 
biological membranes is a vital biological process and has been conserved 
evolutionarily. Three major categories of membrane fusion have been described, 
including cell-to-cell fusion such as that of the sperm and egg cell membranes 
during fertilization, fusion of viral and cellular membranes during viral infection, 
and fusion of intracellular organelles either with each other or with the plasma 
membrane (Harrison, 2008; Wickner and Schekman, 2008). Despite the 
differences in these types of membrane fusion, all biological membrane fusion is 
known to be driven by proteins (McNew, 2008). The membrane fusion process is 
energetically unfavorable due to repulsive forces between membranes and thus 
requires activation energy provided by fusogenic membrane proteins to occur 
(Chernomordik and Kozlov, 2003). 
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1.3 Physical Stages of Membrane Fusion 
Intracellular membrane fusion proceeds through a number of physical 
stages that are identical regardless of the type of fusion event (i.e, intracellular, 
viral, or cell-to-cell fusion) (Figure 1-1). The lipid bilayers first are drawn into 
close apposition (Figure 1-1 A). The lipid bilayers then physically contact, 
excluding water molecules. A fusion pore forms, and the outer leaflets can 
merge in an intermediate known as hemifusion (Schaub et al., 2006), in which a 
stalk forms to allow outer leaflet mixing (Figure 1-1B). A hemifusion diaphragm 
forms from the stalk (Figure 1-1C), then pulls apart (Figure 1-1D), allowing the 
inner leaflets to merge and full fusion to occur (Figure 1-1E). The two major 
discrete steps, hemifusion and full fusion, have been observed in many ways, 
including atomic force microscopy, in which two sequential 5 nm membrane 
collapses were observed that correspond to hemifusion and full fusion 
(Abdulredaefa/., 2008). 
1.4 Some Types of Viral Infection Require Membrane Fusion 
Protein-driven membrane fusion has been described in several types of 
infection by enveloped animal viruses, which are surrounded with a lipid bilayer 
obtained from a host cell designed to protect viral nucleic acids until the next 
round of infection (Kielian and Rey, 2006). In the cases of infection by influenza, 
flavivirus, and alphavirus, a fusion peptide such as the influenza hemagglutinin 
peptide present in the viral membrane causes the viral and cellular membranes 
to fuse, resulting in passage of the viral nucleic acids into the cell and 
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consequent infection (Skehel and Wiley, 2000). The HIV fusion peptide GP120 
has also been shown to function similarly, but requires specific cell surface 
receptors such as CD4 (Kielian and Rey, 2006) for binding and the consequent 
fusion event. 
1.5 Cell-to-Cell Membrane Fusion 
Membrane fusion is also a key and initial feature of cell-cell fusion, which 
occurs in fertilization of egg cells in multiple systems and also in yeast mating. 
The physical mechanism of the cell-to-cell membrane fusion process remains 
unclear, although it is thought to progress through a pseudo-phagocytic process 
(Primakoff and Myles, 2007). The tetraspanin protein CD9 has been implicated 
in cell-to-cell fusion, although its exact mechanism is debated (Primakoff and 
Myles, 2007). The yeast cell-surface proteins Prm1 and Fig1 have been 
suggested to function in yeast mating due to a reduced mating phenotype in 
Prm1 and Fig1 knockout yeast. However, the precise role of Prmi and Fig1 in 
cell-to-cell fusion remains to be elucidated (Primakoff and Myles, 2007). 
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Figure 1-1. Schematic of Physical Steps of Membrane Fusion. (A). Two 
discrete lipid bilayers are drawn into close apposition. (B). The outer leaflets 
begin to mix while the inner leaflets remain intact in an intermediate known as 
hemifusion. (C). A hemifusion stalk forms. The outer leaflets continue to mix 
while the inner leaflets remain separate. (D). The hemifusion stalk pinches off, 
allowing mixing of the aqueous contents through a pore formed between the 
bilayers. (E). Hemifusion is complete, and the formerly distinct bilayers now 
exist as a single continuous membrane. Full mixing of the aqueous contents has 
occurred at this point. Adapted from (McNew, 2008). 
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1.6 SNARE Proteins Drive Intracellular Membrane Fusion 
Intracellular membrane fusion is driven by an evolutionary conserved 
superclass of protein known as SNAREs (Soluble N-ethylmaleimide sensitive 
factor Attachment protein REceptors) (Weber era/., 1998; Melia etal., 2002). 
SNAREs were discovered through their binding to their recycling factors - a-
SNAP (Soluble N-ethylmaleimide sensitive factor Attachment Protein) and NSF 
(n-ethylmaleimide sensitive factor) (Sollner etal., 1993a; Sollner etal., 1993b). 
SNAREs are generally either peripheral or integral transmembrane proteins, with 
membrane attachment provided by either a hydrophobic proteinaceous 
transmembrane domain or a lipid anchor (McNew, 2008). SNAREs may be 
anchored into either the inner plasma membrane of the cell or into the cytosolic 
face of organelles. The SNAREs may be operationally divided into two classes, 
the "t" (target) SNAREs, which are present on the membrane for which the 
transport vesicle is bound, and "v" (vesicle) SNAREs, which are localized to the 
cargo transport vesicle (McNew etal., 2000), although other classification 
schemes have been proposed (Fasshauer etal., 1998). 
SNAREs are involved in mediating two major types of intracellular 
membrane fusion: heterotypic fusion, in which a transport vesicle fuses with a 
membrane of another compartment, such as the plasma membrane, Golgi 
apparatus, or endoplasmic reticulum (ER), and homotypic fusion, in which two 
organelles of the same type fuse with each other, such as in vacuole/vacuole 
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fusion (Wickner, 2002). The distinction between t-and-v-SNARE becomes 
blurred in the case of homotypic fusion. 
1.7 SNAREs Provide Specificity and Force for Intracellular Membrane 
Fusion 
At each step of the secretory pathway, SNAREs provide compartmental 
specificity for the fusion event (McNew et al., 2000) (Figure 1 -2). That is to say, a 
set of t-and-v-SNAREs specialized for a compartmental event such as fusion of 
post-Golgi transport vesicles with the plasma membrane will not fuse with those 
SNAREs involved in other steps of the secretory pathway such as ER to Golgi 
transport. In this way, SNARE binding provides the final proofreading step for 
proper intracellular cargo delivery before membrane fusion occurs. 
Binding of the appropriate combination of t-SNAREs and v-SNAREs 
provides the mechanical force for the intracellular fusion event (Melia et al., 
2002). SNARE binding occurs through interaction of the SNARE motif of each 
SNARE, also known as the H3 or Core Complex Domain. SNARE motifs are ~60 
amino acid stretches consisting of a series of canonical heptad repeat 
sequences. Each heptad repeat sequence contains almost exclusively 
hydrophobic residues in the first and fourth position of each heptad, also known 
as the "a" and "d" positions. 
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Figure 1-2. SNAREs Provide Compartmental Specificity for the Fusion 
Event. The SNAREs appropriate to each cellular compartment and cellular 
trafficking step in S. cerevisiae are labeled. SNAREs whose function is currently 
unclear are marked with a question mark. The SNAREs provide compartmental 
specificity that ensures intracellular cargo is delivered to its proper location. 
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However, an exception to the pattern occurs in the neuronal ternary SNARE 
complex in approximately the center of each of the SNARE motifs involved. In 
this case, each of the SNAREs has a glutamine or arginine in the "d" position of 
the heptad instead of a hydrophobic residue, and the position is termed the "ionic 
layer" (Sutton etal., 1998). The SNARE motifs of each of the t-SNAREs all 
contribute a glutamine to the ionic layer, while VAMP2 contributes an arginine. 
The significance of the ionic layer is unclear at this time, as mutation appears not 
to affect function in vivo (Katz and Brennwald, 2000). The t-SNARE/v-SNARE 
binding event occurring through the SNARE motifs of each participant produces 
an intertwined parallel 4-helix bundle (Figure 1-3), also known as the "ternary" 
SNARE complex. 
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Figure 1-3. Crystal Structure of the Neuronal Ternary SNARE Complex. 
The crystal structure of the neuronal ternary SNARE complex composed of the 
SNARE core complex domains of Syntaxinla (red), SNAP25b (dark green) and 
VAMP2 (blue) is shown forming the characteristic 4-helix bundle composed of 
intertwined coiled-coil motifs. The transmembrane domains of Syntaxinla and 
VAMP2 are shown in light green, and the SNAP25b palmitate anchor is 
represented as the brown line. The Syntaxinla NRD is not depicted. Botulinum 
toxin cleavage sites (serotypes A, B, C, D, E, F, G) as well as a Tetanus toxin 
cleavage site are shown in their respective locations. Adapted from Sutton et al., 
1998. 
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1.8 SNAREs Assemble to Drive Membrane Fusion 
1.8.1 The Syntaxinl a NRD Transitions from a" Closed" to" Open" 
Conformation 
Binding of the SNARE motifs of the appropriate pair of t-and-v-SNAREs 
takes place in a series of discrete steps. In the case of mammalian 
neurotransmission, the process begins with the t-SNARE Syntaxinl a. 
Syntaxinl a was discovered in bovine brain extracts (Bennett etal., 1992) and is 
an ~35-kDa transmembrane protein that consists of two major domains: an N-
terminal regulatory domain (NRD) and the H3 Core Complex (SNARE motif) 
domain. The NRD can be further subdivided into two regions: the Habc region, 
which consists of three a-helices (Helix A, B, and C), and a short extreme N-
terminal peptide. The C-terminus of Syntaxinl a consists of a highly charged 
juxtamembrane region and a hydrophobic single-pass transmembrane domain 
(Figure 1-4). 
The Syntaxinl a NRD is an important site of regulation in the 
neurosecretory pathway. The NRD is thought to move from a "closed" or 
inhibitory conformation to an "open" conformation. In the "closed" conformation, 
the NRD folds such that it blocks access of other factors including the t-SNARE 
complex light chain SNAP25b to the H3 Core Complex domain of Syntaxinl a, 
halting the fusion process. However, its "open" conformation allows other 
factors, including SNAP25b to bind, thereby permitting the membrane fusion 
process to proceed (Dulubova etal., 1999). 
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Figure 1-4. Domain Model of the Neuronal t-SNAREs Syntaxinla, SNAP25, 
and the v-SNARE VAMP2. Syntaxinla consists 3 major domains. The first 
component, the N-terminal Regulatory Domain (NRD), is comprised of 3 a-
helices, Ha, Hb, and He (red). The NRD is connected to the SNARE (H3) Core 
Complex Domain (dark gray) via a flexible linker region. Syntaxinla is anchored 
to the plasma membrane via a hydrophobic transmembrane domain (TMD) (light 
gray). SNAP25 consists of 2 SNARE Core Complex domains, HA and HB 
(green) linked via a flexible interhelical region (IHR). The v-SNARE VAMP2 
consists of a single SNARE Core Complex domain (blue) and is anchored to the 
plasma membrane of a synaptic vesicle via its TMD (light gray). 
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Movement of the NRD from the closed to open conformation is thought to 
occur through a flexible linker region between the NRD and the H3 domain 
(residues 159-182) (Margittai era/., 2003a). Although Syntaxinla clearly 
vacillates from open to closed conformation, it is thought to exist in its open 
conformation ~70% of the time (Margittai et al., 2003b). The SNARE regulatory 
molecule Munc13 has been proposed to function by moving the NRD from the 
closed to open conformation (Betz era/., 1997; Richmond era/., 2001). Like 
Syntaxinl a, the NRD of the yeast Syntaxin homolog Ssolp (Suppressor of Sec 
One) (Aalto era/., 1993) exhibits both open and closed conformations. However, 
in contrast to Syntaxinl a, Sso1 p appears to mostly exist in the closed 
conformation. Elimination of the Ssolp NRD speeds formation of the assembled 
t-SNARE complex-2000-fold in vitro (Nicholson et al., 1998). 
1.8.2 SNAREs Bind to Form the frans-SNARE Complex 
After Syntaxinl a has transitioned from its closed to open conformation, the 
H3 Core Complex domain is exposed, allowing the t-SNARE SNAP25b (Oyler et 
al., 1989) (synaptosomal-associated protein of 25kDa) to bind and form the 
assembled t-SNARE complex (Figure 1-5). SNAP25b consists of 2 a-helical 
SNARE-motifs connected by a flexible interhelical region (IHR) in between 
(Figure 1-4). The IHR is palmitoylated in vivo, allowing SNAP25b to associate 
with the plasma membrane 
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hemifusion f/ansSNARE complex 
Figure 1-5. The SNARE Assembly Cycle Drives Membrane Fusion. 
Syntaxinla first exists with its NRD (red) in the "closed" conformation. The NRD 
transitions from the "closed" to "open" conformation, allowing SNAP25b (green) 
to bind and form the assembled t-SNARE complex. Once the t-SNARE complex 
has formed, the v-SNARE VAMP2 (purple) can bind, and partially zippers, 
forming the frans-SNARE complex. Full zippering occurs, and drives fusion first 
through the hemifusion stage then through full fusion. At this point, the SNAREs 
exist as a c/s-SNARE complex, in which they are all in the same membrane. The 
recycling factors NSF and oc-SNAP can then disassemble the c/s-SNARE 
complex into its component parts through ATP hydrolysis. Adapted from McNew, 
2008. 
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(Veit etal., 1996). Unlike Syntaxinla, SNAP25b lacks a transmembrane domain. 
SNAP25b is thought to exist mostly unstructured in solution, and acquires its a-
helical character upon binding Syntaxinla (Fasshauer etal., 1997). 
Once the assembled Syntaxin1a/SNAP25b t-SNARE complex has been 
formed, the v-SNARE VAMP2 (Vesicle-Associated Membrane Protein) (Trimble 
et al., 1988) present on the cytosolic face of a neuronal transport vesicle can bind 
the t-SNARE complex, forming the trans-SNARE complex. VAMP2 is an ~18kDa 
protein that consists of a short N-terminal domain, an H3 Core Complex (SNARE 
motif) domain, and a transmembrane domain. VAMP2 is thought to exist mostly 
unstructured in solution, and to take on a-helical structure upon binding the t-
SNARE complex (Fasshauer et al., 1997). VAMP2 has been suggested to 
dimerize in vitro via self-association of its transmembrane domains (Fleming and 
Engelman, 2001), although this has been disputed (Kroch and Fleming, 2006). 
1.8.3 SNAREs Drive Membrane Fusion and are Recycled 
The assembled trans-SNARE complex can then provide the mechanical 
force for membrane fusion to occur. However, before driving membrane fusion, 
the SNAREs "zipper" from N-terminus to C-terminus into a tight and metastable 
intermediate known as a "SNAREpin" (Weber etal., 1998). The SNAREpin 
exists as a parallel 4-helix bundle with a classic coiled-coil character, and has 
been crystallized (Sutton etal., 1998) (Figure 1-3). The stable SNAREpin can 
then drive membrane fusion through the stages outlined in Figure 1-5. 
After full membrane fusion has occurred, the SNARE complex becomes a 
c/s-SNARE complex, in which both the Syntaxinla and VAMP2 transmembrane 
domains reside in the same instead of opposing membranes. The c/s-SNARE 
complex is known to be extraordinarily stable, and requires hydrolysis of ATP by 
the SNARE AAA ATPase NSF (n-ethyl-maleimide sensitive factor) (Block et al., 
1988) which is recruited by its co-chaperone a-SNAP (soluble NSF attachment 
p_rotein) (Clary et al., 1990) to break the c/s-SNARE complex into its individual 
components for reuse (Sollner era/., 1993a). 
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1.9 SNARE Function is Regulated by Other Molecules 
Intracellular membrane fusion mediated by SNARE proteins is highly 
regulated both spatially and temporally. A number of factors regulate SNARE-
mediated membrane fusion in higher and lower eukaryotes, including SM 
proteins, Complexin proteins, and Synaptotagmin proteins. Some SNARE 
regulatory factors are conserved evolutionary, such as SM proteins, while others 
such as Complexins are restricted to higher organisms. The molecular 
mechanisms by which SNARE regulators function differ, and include both direct 
binding to the SNAREs and oftentimes directly interact with specific lipids as well. 
1.9.1 SM (Sec1 p/Mund 8) Proteins Regulate SNARE Function 
SM proteins are a class of cytosolic SNARE regulatory proteins ~68-80 
kDa in size and are conserved evolutionary from yeast to man. Their story 
begins in 1974 with C. elegans. An attempt to genetically map the C. elegans 
nervous system by EMS mutagenesis of a large number of worms produced 
several classifiable phenotypes, with an uncoordinated (unc) phenotype among 
them (Brenner, 1974). Unc mutant worms display a movement pattern that 
deviates significantly from the movement pattern of wild-type worms and includes 
paralyzed animals. The protein coded for by uncoordinated mutant #18 (unc-18), 
which exhibits a paralytic phenotype (Brenner, 1974), was thus the first SM 
protein discovered. 
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The next SM protein to be discovered, Sec1 p, was identified in 1979 in S. 
cerevisiae in a screen for secretion-deficient yeast characterized by intracellular 
accumulation of post-Golgi secretory vesicles (Novick and Schekman, 1979), 
showing that Sec1 p plays a role in post-Golgi to plasma membrane transport. 
Orthologs of Sec1 p (Sly1 p, Vps45p, Vps33p) were later discovered in each step 
of the secretory pathway in yeast (Banta et ai, 1990; Dascher et ai, 1991; 
Cowles et ai, 1994), with Sly1 p functioning in ER to Golgi transport (Ossig et ai, 
1991), Vps45p functioning in trans-Golgi network (TGN) to endosome transport 
(Cowles etai, 1994; Seals et ai, 2000), and Vps33p functioning in vacuolar 
traffic (Seals et ai, 2000). SM proteins were later found in higher organisms, 
including mammals (Hata etai, 1993), resulting in the name Munc18, and the 
further designation of this family of proteins as Sec1 p/Mund 8 (SM) proteins. 
SM proteins appear to perform a vital and required function in the cell, as 
knockouts in several systems, including Munc18a in M. musculus, ROP (Ras 
Opposite) in D. melanogaster and SEC1 in S. cerevisiae result in lethality. The 
phenotype of mouse knockouts is paralysis immediately after birth followed by 
suffocation and death despite normal brain development (Verhage etai, 2000). 
In addition, Chromaffin cells cultured from Munc18a knockout mice show a 10-
fold reduction in Ca2+-dependent exocytosis of large dense-core vesicles. In 
contrast, knockouts in C. elegans are viable but severely impaired in 
neurotransmission and accumulate the neurotransmitter acetylcholine (Hosono et 
ai, 1992). Missense mutations of SM proteins also show deleterious effects in 
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several systems, including D. melanogaster (Wu et al., 1998), C. elegahs 
(Graham et al., 2008a), and H. sapiens (Saitsu et al., 2008). 
1.9.2 Mutations in Human SM Genes Result in Disease 
Mutations in human SM genes can manifest themselves as several types 
of diseases, further highlighting their importance. Problems with Munc18a are 
known to result in several types of nervous system disorders. Although relatively 
rare, early infantile epileptic encephalopathy (EIEE), one of the most severe and 
earliest occurring forms of epilepsy, has been shown to result from destabilizing 
missense mutations in Munc18a (Saitsu et al., 2008). Munc18a is also thought to 
partially cause Rasmussen's Encephalitis (RE), as a high titer of autoantibodies 
against Munc18a was detected in a patient suffering from RE. Symptoms of RE 
include severe epileptic seizures and progressive degeneration of a single 
cerebral hemisphere, and patients develop autoimmunity to the glutamate 
receptor subunit GluR3 (Yang et al., 2000b). Munc18a has been implicated in 
hyperalgesia, which is increased sensitivity to pain (Fujisawa et al., 2008). In this 
case, proteolysis of a portion of the C-terminus of Munc18a containing a 
phosphorylation site in Domain 1 in rat mesencephalon was observed following 
repeated cold/warm cycles to induce hyperalgesia. 
SM genes have also been linked to disease states resulting from exposure 
to alcohol. The gene coding for Munc18a, Stxbpl (Syntaxin binding protein 1), 
has been linked to increased preference for ethanol drinking in mice (Fehr et al., 
2005), implying a relationship between SM proteins and alcoholism. A link 
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between the action of SM proteins and ethanol was further supported by 
Munc18a mutations in C. elegans thought to reduce binding to the assembled t-
SNARE complex, which were strongly resistant to the effects of acute ethanol 
exposure (Graham et al., 2008a). In addition, a link between Munc18c and 
pancreatitis has been implied by studies of mice chronically exposed to alcohol in 
their diet. In this case, PKCa-induced phosphorylation of Munc18c causes 
mislocalization and proteolysis of Munc18c, contributing to pancreatitis (Lam et 
al., 2007). 
1.9.3 Munc18a Interacts with Neuronal SNAREs to Regulate 
Neurosecretion 
Among the SM proteins, Munc18a is perhaps the most studied due to its 
importance to proper functioning of the central nervous system (CNS). Originally 
isolated from mammalian brain extracts (Hata et al., 1993), Munc18a is an ~68 
kDa cytosolic protein with a characteristic horseshoe shape (Misura et al., 2000). 
Munc18a appears to be expressed primarily in brain tissue (Hata et al., 1993), 
although it also has been detected in blood platelets (Schraw et al., 2003) and 
pancreatic p-cells (Zhang era/., 2000; Dong era/., 2007). In contrast, Munc18b 
and Munc18c, the other mammalian exocytic Munc18 isoforms, are expressed 
ubiquitously (McNew, 2008). 
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Figure 1-6. Crystal Structure of Munc18a. The crystal structure of Munc18a, 
which was cocrystallized with the t-SNARE Syntaxinla, is shown alone with the 
structure of Syntaxinla removed for clarity. Munc18a consists of 3 major 
domains. Domain 1, red, Domain 2, yellow, Domain 3, green. Domain 3 is 
thought to play a major role in Munc18a function and interaction with SNAREs. 
Adapted from Misura etal. 2000. 
Structural information is available for several SM proteins. The structure 
of Mund 8a was revealed by x-ray crystallography (Misura etal., 2000) in which 
it was cocrystallized with its t-SNARE binding partner Syntaxinl a. Mund 8a is a 
large ~68kDa mostly a-helical protein with a characteristic horseshoe shape, and 
can be divided into three major domains, although the functional significance of 
each is unclear at this time. The structure of the Mund 8a homolog in L. pealei, 
called s-Sed (Squid Sec1), has also been solved by x-ray crystallography 
(Bracher etal., 2000), and is thought to be conformational^ labile by rotation of 
domain 1 via a hinge region between domains 1 and 2 (Bracher and 
Weissenhorn, 2001). Recent mutagenesis data suggests that Domain 3 of 
Sedp and Mund 8a is thought to play an especially important functional role in 
membrane fusion (Boyd et al., 2008), presumably due to its contact with 
Syntaxinl a, although mechanistic details are still lacking. The structure of the N-
terminal domain of Sly1 p, the yeast SM protein involved in ER to c/s-Golgi 
transport, has also been determined in the presence of the Sed5p NRD (Bracher 
and Weissenhorn, 2002). 
Mund 8a functions at the final stage of the secretory pathway in the 
exocytosis of post-Golgi vesicles, which are transported to and then fuse with the 
plasma membrane of the neuron. The fusion process opens a fusion pore, and 
neurotransmitter molecules pass through the pore and then are released into the 
synaptic cleft, propagating the neural impulse (McNew, 2008). Mund 8a fulfills 
its role in exocytosis through a series of apparently carefully orchestrated 
23 
interactions with both SNARE proteins and possibly specific lipid molecules, and 
may be tagged for destruction by ubiquitination (Pridgeon etal., 2009). 
1.9.4 Mund 8a Traffics Syntaxinl a to the Plasma Membrane 
the first role for Mund 8a, which is well-characterized, involves Mund 8a 
associating with the t-SNARE Syntaxinl a with the Syntaxin NRD in its "closed" 
conformation. This interaction is thought to allow Mund 8a to successfully traffic 
Syntaxinl a through the Golgi complex and to the plasma membrane, where it 
anchors via its TMD (Medine et al., 2007). SM proteins generally exhibit well-
characterized and tight interactions with the NRDs of their cognate Syntaxin 
molecules, although Sedp appears not to interact with isolated Sso1 p in vitro 
(Scott et al., 2004). A large body of biochemical work clearly demonstrates the 
association of SM proteins and the NRD of their cognate Syntaxin in many 
systems. In these binary SM/Syntaxin experiments, the SM proteins invariably 
bind the "closed" conformation of the Syntaxin NRD, in which the NRD folds back 
on the Syntaxin H3 domain, presumably blocking binding of the light chain and 
preventing formation of the t-SNARE complex required for membrane fusion. 
These biochemical experiments culminated in the crystallization of Mund 8a and 
Syntaxinl a (Misura et al., 2000). 
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1.9.5 Mund 8a Also Interacts with the Assembled SNARE Complex to 
Enhance Membrane Fusion 
Despite the required and positive role of Mund 8a shown by in vivo work, 
much biochemical evidence suggested that Mund 8a could block t-SNARE 
complex formation. In addition, work pointing to a negative role of the D. 
melanogaster SM protein ROP (Ras Opposite), which exhibits 65% sequence 
similarity with Mund 8a (Wu et al., 2001), led to a putative inhibitory role for 
Mund 8a in vesicle docking and fusion. However, overexpression of Mund 8a in 
permeabilized PC12 cells failed to negatively affect neurosecretion (Graham et 
al., 1997), the opposite of what would be expected for a factor that inhibits 
exocytosis. In addition, when Mund 8a was overexpressed in bovine chromaffin 
cells, the number of fusion-competent vesicles was increased without affecting 
the kinetics of vesicle fusion (Voets era/., 2001). 
The reconciliation of these seemingly disparate positive and negative roles 
for Mund 8a began with work showing that Sedp can bind the ternary complex 
(Carr et al., 1999a) although it is unclear if this is a functional binding event or 
represents a non-functional end-state. In addition, the yeast SM protein Sedp 
was shown to bind the assembled exocytic t-SNARE complex (Sso1p/Sec9c), 
and the prebound Sedp stimulated in vitro fusion ~3-fold (Scott era/., 2004). 
Likewise, Mund 8a was shown to stimulate in vitro fusion of 
Syntaxin1a/SNAP25 and VAMP2 (Shen et al., 2007). In addition, the Sedp 
isoform Slylp was shown to bind non-Syntaxin t-SNAREs (Peng and Gallwitz, 
2004), suggesting that SM protein/assembled t-SNARE complex interactions 
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might be more widespread. Munc18a has also been shown to associate with the 
assembled t-SNARE complex by NMR (Dulubova et al., 2007). In addition, 
SNAP25 was shown to be able to bind the assembled Munc18a/Syntaxin1a 
heterodimer in native plasma membrane sheets (Zilly et al., 2006), suggesting 
that Munc18a may be able to switch from a Munc18a/Syntaxin1a heterodimer to 
a Mund 8a/Syntaxin1 a/SNAP25 complex. 
Besides the well-characterized interactions with Syntaxins, and relatively 
recently discovered associations with assembled t-SNARE complexes, SM 
proteins have also been shown to interact directly with v-SNAREs. The SM 
protein Vps45p, which is a required factor for Golgi-late endosome traffic, was 
shown to directly interact with the v-SNARE Snc1 p in addition to the Syntaxin 
Tlg2p (Cowles et al., 1994). The SM protein/v-SNARE interaction is 
compartmentally specific, as replacement of VAMP2 with other VAMP isoforms 
such as the endocytic v-SNARE VAMP8 abolishes stimulation of in vitro fusion by 
Mund 8a (Shen et al., 2007). 
1.9.6 A New Model of Mund 8a Action 
Taken together, the data suggesting Mund 8a can associate with the 
assembled t-SNARE complex as well as the v-SNARE indicates that Mund 8a 
has an additional and vital role beyond that of simply trafficking Syntaxinl a to the 
plasma membrane. Recent findings that Mund 8a can associate with the 
extreme N-terminal peptide of the Syntaxinl a NRD (Hu era/., 2007; Burkhardt et 
al., 2008), an interaction not shown by the Munc18a/Syntaxin1 crystal structure, 
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imply that Munc18a may remain bound to Syntaxinla while the NRD is able to 
transition from its "closed" to "open" form, possibly aided by other factors such as 
Munc13 or the lipid arachidonic acid (Rickman and Davletov, 2005; Connell era/., 
2007; Latham etal., 2007). The Munc18a/Syntaxin1a N-terminal peptide 
association appears to be conserved evolutionary, with the notable exception of 
Sso1 p in S. cerevisiae. 
A new and more extensive model of Munc18a function has been proposed 
(McNew, 2008). In this model, Munc18a traffics Syntaxinl a with the NRD in its 
"closed" conformation to the plasma membrane, where Mund 8a remains bound 
to Syntaxinla by interacting with the Syntaxin extreme N-terminal peptide, 
allowing the NRD to transition from its closed to open conformation. In this new 
configuration, Mund8a contacts the Syntaxinla NRD and H3 domains. 
Mund8a would then effectively "roll" helices A and B of the Syntaxinla NRD 
(Figure 1-7), allowing SNAP25 easy access to the Syntaxinla H3 domain to form 
the assembled t-SNARE complex. Furthermore, this "rolling" of the NRD would 
expose the groove in the SNARE complex occupied by VAMP2, favoring VAMP2 
binding and frans-SNARE assembly, and thus accelerating membrane fusion. In 
this manner, Mund8a acts as both a Syntaxinla chaperone and as a scaffold for 
SNARE complex formation. This model begins to reconcile the wealth of 
seemingly contradictory data regarding the function of Mund 8a. 
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Figure 1-7. Proposed Model of how Munc18a Stimulates Membrane 
Fusion. (A). Munc18a is depicted as a solid blue surface representation. 
Syntaxinla NRD helix A - orange, helix B - magenta, helix C - cyan. Syntaxinla 
linker region (residues 159-182) - red. Syntaxinla H3 domain - black. Extreme 
N-terminal Syntaxinla peptide - pale green line, (a-c) - Cylinders illustrating 
motion of Syntaxinla NRD helices (B). Entire NRD pivots 18° with the pivot point 
at the N-terminus of Helix C. (C). Helices A & B rotate 45° out of the plane of 
the page. (D). C-terminus of Syntaxinla straightens as SNAP25 binds 
Syntaxinla, forming the t-SNARE complex bound to Munc18a. (E). Positioning 
of the N--terminal portion of the t-SNARE complex exposes the VAMP2 binding 
site. VAMP2 (yellow) can then twist into the t-SNARE complex during SNARE 
zippering. Taken from McNew, 2008. 
1.9.7 Muriel 8a Interacts with Other Non-SNARE Factors 
Although SM proteins clearly interact with their cognate Syntaxins, 
assembled t-SNARE complexes, and v-SNARE, SM proteins do not simply act 
alone upon the SNAREs. SM proteins are known to interact with a variety of 
other factors that may either help or hinder interaction of the SM protein with the 
SNAREs. Some neuronal SM protein effectors include Mintl (Munc18-interactihg 
protein) (Okamoto and Sudhof, 1997), Munc13 (Betz etal., 1997), and the 
GTPase Rab3 (Graham etal., 2008b). However, the way in which these factors 
interact with SM proteins, and the resulting consequences on exocytosis are just 
beginning to be understood. To complicate matters further, SM proteins, with 
Mund 8a in particular, are known to be phosphorylated by both CDK5 (Fletcher 
etal., 1999) and PKC (Fujita etal., 1996). The phosphorylation of Mund8a by 
CDK5 or PKC is thought to partially control vesicle release kinetics (Barclay et 
al., 2003; Barclay et al., 2004). PKC phosphorylation of Mund8a is also thought 
to potentiate vesicle pool replenishment (Nili et al., 2006). However, the effects 
of these phosphorylation events are only beginning to be understood. 
1.9.8 Synaptotagmin I is Another Major SNARE Regulator 
As mentioned previously, many types of SNARE regulatory molecules 
exist. In addition to SM proteins, the Synaptotagmins are another well-
characterized class of SNARE regulators. The putative calcium sensor 
Synaptotagmin I, originally denoted p65 (Matthew etal., 1981) also plays an 
essential role in neurosecretion. Synaptotagmin I is a bi-lobed molecule with two 
C2 (calcium binding) domains, denoted C2A and C2B, that consist of 8-stranded 
(3-barrels that bind calcium and anionic lipids. Synaptotagmin I is anchored into 
post-Golgi transport vesicles via a single-pass transmembrane domain that 
extends a short lumenal domain into the interior of the vesicle (Figure 1-8) 
(Chapman, 2008). 
Like Munc18a, Synaptotagmin I functions in late stages of Ca2+-dependent 
exocytosis and interacts with the t-SNARE complex. However, unlike Munc18a, 
Synaptotagmin I associates with the t-SNARE complex light chain SNAP25b 
(Zhang et al., 2002), although it may also interact with Syntaxinla (Bai et al., 
2004). Interestingly, Synaptotagmin I can drive functional assembly of the t-
SNARE complex from Syntaxinla and SNAP25 in vitro (Bhalla et al., 2006). It 
typically is necessary to coexpress and copurify Syntaxinla and SNAP25b to 
form a functional t-SNARE complex for use in reconstituted membrane fusion 
studies, as reconstitution of isolated Syntaxinla and addition of soluble SNAP25b 
fails to form a fusogenic t-SNARE complex (Weber et al., 1998). In contrast, 
mixing of the yeast t-SNAREs Sso1 p and Sec9c results in a functional t-SNARE 
complex, while proteolysis prevents coexpression (Scott et al., 2003). 
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Figure 1-8. Model of the Structure of Synaptotagmin I. Synaptotagmin I 
consists of a short intraluminal N-terminal domain, a TMD (red), and 2 C2 
domains (yellow) connected by a linker region. C2 domains are 8-stranded B-
barrels, with loops that bind Ca2+ (red spheres). Residues important for 
Synaptotagmin I binding to SNAP25 (K326, K327) or SNAP25 and membrane 
binding (K366, R33) or calcium sensing (Y311) are shown. Taken from 
Chapman, 2008. 
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In addition to its SNARE-binding requirement, Synaptotagmin I also 
displays a clear requirement for anionic lipid to function. Addition of 
phosphatidylserine (PS) to proteoliposomes allows the C2A domain of 
Synaptotagmin I to penetrate and do work on membranes (Chapman and Davis, 
1998), and to stimulate in vitro fusion in the presence of Ca2+. Removal of either 
the anionic lipid or Ca2+ abrogates the enhancement of in vitro fusion (Bhalla et 
al., 2006). These results have led to the model of Synaptotagmin as a fusion 
clamp that halts membrane fusion in the absence of Ca2+, and allows fusion to 
proceed after Ca2+ influx. 
Besides acting as a fusion clamp itself, Synaptotagmin can also relieve the 
clamping activity of Complexin, a small a-helical molecule that can arrest fusion 
at the hemifusion stage (Schaub et al., 2006). In this model, Synaptotagmin, in 
the presence of Ca2+ and anionic lipid, can locally buckle the membrane clamped 
by Complexin and the SNARE complex to relieve the hemifusion block on fusion 
imposed by Complexin. 
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Chapter 2: Materials & Methods 
2.1 Cloning 
2.1.1 Syntaxin Mutants 
Syntaxinla R114E (pJM552) A site-directed mutagenesis kit (Stratagene 
QuikChange II) was used to create untagged Syntaxinla R114E. PCR of 
pJM537 as template was performed with oligos #449 (5'-CGT CGG CGG ACC 
TGG AGA TCC GGA AGA CGC-3') and #450 (5'-GCG TCT TCC GGA TCT CCA 
GGT CCG CCG ACG-3') in order to create the mutation. The resulting PCR 
product was sequenced to confirm the mutation. 
Syntaxinla E234R (pJM553) A site-directed mutagenesis kit (Stratagene 
QuikChange II) was used to create untagged Syntaxinla E234R. PCR of 
pJM537 as template was performed with oligos #451 (5'-GGG AGA TGA TTG 
ACA GGA TCA GGT ACA ATG TGG AAC ACG CTG-3') and #452 (5'-CAG CGT 
GTT CCA CAT TGT ACC TGA TCC TGT CAA TCA TCT CCC-3') in order to 
create the mutation. The resulting PCR product was sequenced to confirm the 
mutation. 
2.1.2 Munc18a 
Munc18a (pJM513) An untagged version of Munc18a was created by restriction 
enzyme digest of pJM269 (GST-Mund 8a) with the enzymes Nco1 and Hindlll. 
The resulting fragment was ligated into the pETDuet-1 vector cut with the same 
enzymes. 
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Munc18a-H6 (pJM546) A plasmid encoding Munc18a-H6 in the pET28a vector 
was received from Dr. Jingshi Shen (University of Colorado at Boulder). 
2.1.3 Mund 8a Mutants 
Munc18a-H6 R39E (pJM550) A site-directed mutagenesis kit (Stratagene 
QuikChange II) was used to create Munc18a-His6-R39E. PCR of pJM537 as 
template was performed with oligos #453 (5'-GTG GAC CAG TTA AGC ATG 
GAG ATG CTG TCT TCC TGC TG-3') and #454 (5'-CAG CAG GAA GAC AGC 
ATC TCC ATG CTT AAC TGG TCC AC-3') in order to create the mutation. The 
resulting PCR product was sequenced to confirm the mutation. 
Munc18a-H6 E59R (pJM551) A site-directed mutagenesis kit (Stratagene 
QuikChange II) was used to create Munc18a-HiS6 E59R. PCR of pJM537 as 
template was performed with oligos #447 (5'-GAG GGG ATC ACA ATT GTG 
AGG GAT ATC AAC AAG CGC CG-3') and #448 (5'-CGG CGC TTG TTG ATA 
TCC CTC ACA ATT GTG ATC CCC TC-3') in order to create the mutation. The 
resulting PCR product was sequenced to confirm the mutation. 
Munc18a-H6 T574D (pJM563) A site-directed mutagenesis kit (Stratagene 
QuikChange II) was used to create Munc18a-H6 T574D. PCR of pJM537 as 
template was performed with oligos #471 (5'-GAT CCA CGC ACA TTC TCG 
ACC CAC AGA AAC TGC TGG-3') and #472 (5'-CCA GCA GTT TCT GTG GGT 
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CGA GAA TGT GCG TGG ATC-3') in order to replace T574 with an aspartic acid. 
The resulting PCR product was sequenced to confirm the mutation. 
2.2 Protein Expression and Purification 
2.2.1 t-SNARE Complexes 
Syntaxin1a/SNAP25b Syntaxinla (Rat) and His6-SNAP25b (Mouse) were 
coexpressed from the dicistronic plasmid pTW34. 8L of E. coli (BL21 (DE3)) 
were grown at 37°C in SuperBroth to an OD600 of ~0.70. Protein expression 
was induced with 0.25mM IPTG for 4hrs at 37°C. Cells were pelleted, 
resuspended in buffer A400 pH 7.4 (25mM HEPES, 400mM KCI, 10% Glycerol, 
2mM BME), then lysed as described for Munc18a-His6 in the presence of 1% 
Triton X-100. Extract was clarified, filtered, and passed over a Ni2+ chelating 
column as described for Munc18a-HiS6. The column was washed with 10 column 
volumes of Buffer A400 containing 1% Triton X-100. Triton X-100 was 
exchanged for n-octyl-p-D-glucopyranoside (OG) by washing with 25 column 
volumes of Buffer A100 (25mM HEPES-KOH, 100mM KCI, 10% Glycerol, 2mM 
BME, pH 7.4) containing 1% OG. Protein was eluted in 20 column volumes with 
a linear gradient of 20mM to 500mM imidazole in Buffer A100 (25 mM HEPES, 
100 mM KCI, 10% Glycerol, 2 mM BME, 1% OG). Protein was aliquoted as 
described above and quantitated with an Amido Black assay. Yields ranged from 
2.8 mg/mL to 5.6 mg/mL, with n=10 and a mean of 4.8 mg/mL. The resulting t-
SNARE complex was reconstituted by detergent dilution and dialysis as 
described (Scott etal., 2003). 
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Syntaxin1a/H8-Sec9c Untagged Syntaxinla (Rat) and H8-Sec9c were 
coexpressed from pJM537 and pJM418 and purified as described above for 
Syntaxin1a/H6-SNAP25b. However, protein was lysed in buffer A400, washed 
with A400 + 1% Triton X-100 and A400 + 1% OG, then eluted with buffer A400 + 
1%OG in order to help prevent precipitation as observed from 2 trials eluting with 
"lOOmM and 200mM KCI. Yields averaged ~3 mg/mL as determined by Amido 
Black assays with n=2. The resulting mixed t-SNARE complex was reconstituted 
as described for Syntaxin1a/HiS6-SNAP25b. Protein incorporation into 
proteoliposomes ranged from 0.1 mg/mL to 0.2mg/ml_ as determined by Amido 
Black assays. 
Syntaxin1a/GST-Sec9c Untagged Syntaxinla (Rat) and GST-Sec9c were 
coexpressed from pJM537 and BB442 as described for Syntaxin1a/H8-Sec9c. 
Protein was purified by binding to GSH beads and eluting with 10mM glutathione. 
TcSyntaxin1a/H6-SNAP25b A thrombin cleavable version of Syntaxinl a/H6-
SNAP25b in which a thrombin cleavage site was introduced between the 
Syntaxinla NRD and linker region was purified exactly as described for 
Syntaxinl a/H6-SNAP25b, with n=2. Yields were ~4 mg/mL as determined by 
Amido Black assays. 
2.2.2 Isolated Syntaxins 
Syntaxin1a-H6 Syntaxin1a-H6 was coexpressed with the chaperone thioredoxin 
(ptTrx) in order to enhance yield. Expression conditions were identical to 
Syntaxinl a/H6-SNAP25b, except that 0.5% glucose was added to growth media, 
and protein expression was induced overnight at 16°C. Syntaxinl a-H6 was 
purified identically to Syntaxinl a/H6-SNAP25b. Yields ranged from 1.27 to 
1.37mg/ml_ as determined by Amido Black assays, with n=5. 
H8-Sso1 p H8-Sso1 p (pJM88-1) was produced identically to Syntaxinl a/H6-
SNAP25b, except that all buffers contained 200mM KCI. 
2.2.3 SM Proteins 
Munc18a-H6. Munc18a-HiS6 (R. norvegicus) was produced by expressing 
pJM546 (plasmid received from Dr. Jingshi Shen) in BL21 (DE3) E. coli 
(Stratagene). Cells were grown at 37°C in 4L of SuperBroth (TekNova) to an 
OD600 of ~0.75 while shaking at 200rpm in a baffled 6L flask. Protein 
expression was induced with 1 mM IPTG while shaking 3hrs at 37°C at 200 rpm. 
Cells were pelleted by centrifugation then immediately resuspended in 50ml_s of 
buffer A150 (25mM HEPES pH 7.4,150mM KCI, 10% glycerol, 1 EDTA-free 
protease inhibitor tablet (Roche)). Cells were passed through an Emulsiflex-C5 
High Pressure Homogenizer (Avestin) and lysed by pressure. Cellular debris 
was removed by centrifugation at 186,000 x gmax for 1 hr at 4°C. Cell extract 
was filtered at 4°C first through a sterile 1.2[xM filter (Millipore) then through a 
sterile 0.45nM filter (Millipore). Extract was then passed over a HiTrap HP Ni2+-
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chelating column (GE Healthcare) in an AKTA Prime chromatography system 
(Amersham Biosciences) to bind Mund 8a-H6. The column was washed with 10 
column volumes of Buffer A150 (25mM HEPES pH 7.4, 150mM KCI, 10% 
glycerol, and 2mM BME). Protein was eluted in 20 column volumes with a linear 
gradient of 20mM to 500mM imidazole in Buffer A150. Peak fractions were 
pooled, then immediately dialyzed against 4L of Buffer A500 (25mM HEPES-
KOH, 500mM KCI, 10% glycerol, 1 mM DTT, pH 7.4) overnight at 4°C in a 
microdialysis chamber (Gilson) to exchange imidazole with KCI. Protein was 
then dialyzed 4hrs at 4°C against 1L of Buffer A350 (25mM HEPES, 350mM Kcl, 
10% glycerol, 1mM DTT), followed by dialysis against 1L Buffer A200 (25mM 
HEPES, 200mM KCI, 10% glycerol, 1mM DTT) for 4hrs at 4°C to reduce the KCI 
concentration. Protein was aliquoted, flash frozen in liquid nitrogen, and stored 
at -80°C. Preps were quantitated with Amido Black assays (Schaffner and 
Weissmann, 1973), and yields ranged from 9.44 mg/mL to 12.71 mg/mL with n=7 
and a mean of 11 mg/mL. 
Mund 8a Point Mutants. Mund 8a T574D, E59R, and R39E were all 
expressed and purified as described for wild-type Mund 8a-H6. 
2.2.4 v-SNARE Proteins 
VAMP2-H$ VAMP2-H6 (M. musculus) was expressed and purified from pTW38 
as described previously (Parlati et ai, 1999). Yield was 6.41 mg/mL as 
38 
determined by an Amido Black assay. VAMP2-HiS6 was reconstituted into 
labeled donor proteoliposomes as described (Scott et al., 2003). 
VAMP8-H6 VAMP8-H6 (M. musculus) was expressed and purified exactly as 
described for VAMP2-H6. 
2.2.5 SM/SNARE Protein Coexpression 
Syntaxinl a/H6-SNAP25b/Mund 8a 
Syntaxinl a/H6-SNAP25b and Mund 8a were coexpressed from pTW34 and 
pJM513 as described for Syntaxinl a/H6-SNAP25b, except that Ampicillin was 
added to growth media in addition to Kanamycin. Also, protein was eluted in 
buffer A200 + 1%OG. The resulting protein complex was reconstituted into 
acceptor proteoliposomes as described for Syntaxinl a/H6-SNAP25b. 
VAMP2-H6/Munc18a VAMP2-H6 and untagged Mund 8a were coexpressed 
from pTW38 and pJM513. The protein complex was purified as described for 
Syntaxinl a/H6-SNAP25b with yields similar to VAMP2-H6. 
2.3 Reconstitution of SNARE Proteins into Proteoliposomes 
SNARE proteins were reconstituted into proteoliposomes by detergent dilution 
and dialysis as previously described (Scott et al., 2003). Protein in 1% OG (final 
volume 500 |il for t-SNARE acceptor proteoliposomes, 300 u.1 for v-SNARE donor 
proteoliposomes) was mixed with a dried film of 85 mol% 1-palmitoyl-2-oleoyl 
phosphatidylcholine (POPC) /15 mol% 1,2-dioleoylphosphatidylserine (DOPS) at 
room temperature for 15 minutes, then diluted with the appropriate buffer to 
reduce OG below its critical micellar concentration (CMC) (Scott et at., 2003). 
OG was then removed from the resulting proteoliposomes by dialysis for ~16 
hours at 4° C in a microdialysis flow chamber (Gilson). Proteoliposomes were 
then separated from unincorporated lipid and protein by flotation for 4 hours at 4° 
C at 48,000 rpm (218,500 x gmax) in a Beckman SW-55Ti rotor through a 
40%/30%/0% discontinuous density step gradient made of Accudenz (Accurate 
Chemicals) dissolved in buffer + 1 mM DTT. Proteoliposomes were harvested 
(400 ul t-SNARE, 75 |il v-SNARE) at the 0%/30% gradient interface. The amount 
of protein incorporated was determined by Amido Black assays. Lipid recovery 
was determined by scintillation count of 3H incorporated into the lipid mix. 
Proteoliposome protein:lipid ratios were computed based upon protein recovery 
and lipid recovery. 
2.4 In vitro Fusion Assay 
Proteoliposomes to be fused were mixed in 96-well Fluoronunc Polysorp plate 
(Nunc) strips, covered in aluminum foil, and incubated on ice for 3 hours. A 3 
hour preincubation period was empirically determined to produce the maximum 
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stimulation of fusion by Munc18a (data not shown). 96-well plate strips then 
were placed in a fluorescence plate reader (Floroskan II, MTX LabSystems) 
preheated to 37 °C. Acceptor (t-SNARE) and donor (v-SNARE) proteoliposomes 
were fused 2 hours at 37 °C as described previously (Scott et al., 2003) with 
readings taken every two minutes. 10 ul of 2.5% (w/v) n-dodecylmaltoside (DM) 
detergent was added at 2 hours to produce maximum NBD fluorescence. NBD 
fluorescence was normalized to percent of maximum fluorescence. Kinetic data 
Was recorded on the fluorimeter and analyzed in the Kaleidagraph software 
package. 
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Figure 2-1. Model of the In Vitro Fusion Assay. t-SNARE complex proteins 
are reconstituted into unlabelled acceptor liposomes containing 85 mole % 1-
palmitoyl-2-oleoyl phosphatidylcholine (POPC) /15 mole % 1,2-
dioleoylphosphatidylserine (DOPS). v-SNARE proteins are reconstituted into 
fluorescently labelled donor v-SNARE liposomes containing POPC, DOPS, and 
the headgroup labeled lipids (N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-
dipalmitoyl phosphatidylethanolamine (NBD-DPPE) and N-(Lissamine rhodamine 
B sulfonyl)-1,2-dipalmitoyl phosphatidylethanolamine (Rh-DPPE). Fusion is 
measured as an increase in NBD fluorescence when unlabelled acceptor 
membrane merges with the fluorescently labeled donor membrane, relieving 
quenched NBD fluorescence due to fluorescence resonance energy transfer 
(FRET) between the two fluorescent lipids (Weber era/., 1998; Scott era/., 2003). 
Taken from Scott et al., 2003. 
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Chapter 3: Munc18a Interacts with both t-SNAREs and v-SNAREs to 
Stimulate in vitro Fusion 
3.1 Munc18a Strongly Stimulates in vitro Fusion of Syntaxin1a/SNAP25b 
and VAMP2 
Yeast Sec1 p was shown to strongly and positively regulate membrane 
fusion in vitro (Scott etal., 2004), and Munc18a appears to promote membrane 
fusion in a similar manner (Shen etal., 2007). Recombinant Munc18a-H6 was 
produced in E. colito further characterize in detail its effect on in vitro fusion with 
the neuronal t-SNAREs Syntaxin1a/H6-SNAP25b and v-SNARE VAMP2-H6. 
Unlike yeast Seclp, Munc18a-H6 was very well expressed (~12.5 mg per liter of 
culture) and largely stable at high concentrations (~140 /vM) under the conditions 
described in Materials and Methods. The ability to produce Munc18a-H6 at high 
concentrations allowed for the addition of soluble Munc18a-H6 directly to a 
standard fusion reaction. 
For the in vitro fusion assays, full length Syntaxinla and H6-SNAP25b 
were co-expressed in E. coll and reconstituted as a functional t-SNARE complex 
into unlabelled acceptor proteolipsomes. Full-length VAMP2-H6 was expressed 
in E. coll and reconstituted into labeled donor proteoliposomes. 
Syntaxin1a/SNAP25b and VAMP2 proteoliposomes then were mixed in the 
presence or absence of 20 \M Munc18a-H6 for 3 hours at 4 °C and the effects on 
SNARE-mediated fusion examined by a standard in vitro fusion assay (Figure 3-
1A). 
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The addition of Munc18a-H6 resulted in a marked (~2-fold) increase in the 
extent of fusion at 120 minutes (Figures 3-1 A, 3-1C), very similar to the effects of 
Sedp on the homologous exocytic yeast t-SNAREs Sso1p/Sec9c and v-SNARE 
Snc2p (Scott et al., 2004). However, close inspection of the primary data 
showed a significant increase in initial fluorescence (~40%) at time zero following 
Munc18a-H6 treatment prior to the initiation of fusion (Figure 3-2A). The increase 
in fluorescence is likely due to increased fusion in the presence of Munc18a-H6 
during preincubation under these conditions. Unfortunately, this fusion during the 
preincubation period is masked and underestimated by normalization in Figure 3-
1A. 
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Figure 3-1. Munc18a Stimulates the Initial Rate and Final Extent of 
Membrane Fusion. 
(A) Syntaxin1a/SNAP25b and VAMP2 proteoliposomes were incubated with or 
without 20 nM Munc18a for 3 hours at 4 °C, then fused 2 hours at 37 °C. 
Background signal (solid line) was measured by addition of the cytoplasmic 
domain of VAMP2 (CDV) to inhibit fusion. Data is represented as percent of 
maximum fluorescence vs time. Reactions contained 45 ul of 
Syntaxinl a/SNAP25 proteoliposomes (0.962 nmol protein, 44 nmol lipid) and 5 |il 
of VAMP2 proteoliposomes (0.189 nmol protein, 5.3 nmol lipid) and a final 
volume of 60 u l 
(B) Titration of Munc18a into in vitro fusion reactions. Increasing amounts (|JM) 
of Munc18a were added to a series of independent fusion reactions and net 
endpoint fusion plotted against [Munc18a] (open circles) and fit with a sigmoidal 
equation. Saturation of increase in fusion occurs at 20 uM Munc18a. 
(C) Net fold stimulation in initial rate and final extent of in vitro fusion resulting 
from addition of 20 |iM Munc18a. Endpoint fusion of 14 fusion reactions of 
Syntaxinl a/SNAP25 and VAMP2 with or without 20 uM Munc18a was averaged. 
Background signal was determined from average endpoint fusion of 7 inhibited 
fusion reactions. Error is SEM. The rates of fusion between the 6 minute (after 
change from 4 °C to 37 °C) and 10 minute mark were calculated in the presence 
and absence of 20 uM Munc18a by linear curve fits. The initial rate increased 
from 0.39% / min without Munc18a (black bar, left) to 1.09% / min in reactions 
with 20 uM Munc18a (black bar, right), an improvement of 2.8 fold. Adapted from 
Rodkey et al., 2008. 
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Figure 3-2. Analysis of the Raw Data Produced by an in vitro Fusion 
Reaction Stimulated by Munc18a. 
(A), the relative NBD fluorescence signal measured at 538 nanometers in 
arbitrary Raw Fluorescence Units (RFUs) from the same fusion reaction depicted 
in percent of maximum fluorescence in Figure 3-2A. Points on the top right of the 
y-axis indicate NBD fluorescence after addition of 10 ul n-dodecylmaltoside (DM) 
detergent to the fusion reaction. 
(B) The raw NBD fluorescence signal between 0 and 20 minutes has been 
magnified to illustrate the difference in initial rate of fusion in reactions with and 
without Munc18a. A substantial increase in rate of fusion (RFU per unit time) is 
observed in initial fluorescence in the reaction containing Munc18a compared to 
the SNARE-only reaction presumably due to fusion during the 3 hour 
preincubation period. 
(C) Magnified view of the NBD fluorescence signal between 100 and 120 
minutes. Little difference in rate of fusion is present during this time interval 
between reactions with and without Mund 8a. 
(D) Quantification of differences in reaction rate between the early (0-20 minutes) 
and late (100-120 minutes) time intervals in RFUs per minute. Adapted from 
Rodkeyetal.,2008. 
The increased fusion mediated by Munc18a is saturable and reaches a 
maximum of 1.8-fold at 20 u.M Munc18a under these conditions (Figure 3-1B, 3-
1C). When the extent of fusion at 120 minutes is adjusted to account for fusion 
during the preincubation period, a more robust stimulation is observed (mean = 
~2.2-fold, n=14, data not shown). The stimulation of fusion measured at 120 
minutes is mirrored by a similarly significant improvement in the initial rate of 
fusion when Mund 8a-H6 is present. The initial rate (measured as a percent of 
maximum fusion per minute) increased by 2.8-fold in the presence of Mund 8a 
(Figure 3-1C). 
3.2 Stimulation of Fusion by Mund 8a is Specific to Neuronal SNAREs 
The specificity of Mund 8a for Syntaxin1a/SNAP25b and VAMP2 has 
been demonstrated by others with combinations of neuronal t-SNARE complexes 
and v-SNAREs from plasma membrane as well as other cellular compartments 
(Shen et al., 2007). Therefore, the effects of Mund8a on the exocytic yeast t-
SNAREs Sso1 p/Sec9c and the cognate v-SNARE Snd p were tested. Addition 
of 20u,M Mund 8a to fusion reactions of Sso1 p/Sec9c and Snd p failed to 
stimulate fusion to any degree (Figure 3-3), suggesting that Mund 8a cannot 
interact with yeast SNAREs. 
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Figure 3-3. Munc18a Interacts with Neuronal but not Yeast SNAREs to 
Stimulate Fusion. Representative kinetic fusion graph of the effect of 20 uM 
Mund 8a on fusion of the yeast t-SNAREs Sso1 p/Sec9c and the yeast v-SNARE 
Snc1 p (bottom panel). Data is reported as percent of maximum fluorescence. 
The fusion assay was performed as described in Figure 1 A. Background signal 
was measured by inhibiting a fusion reaction with 20 |iM CDV (solid line). 
Stimulation of fusion was completely abolished when 20 |iM Mund 8a was added 
to fusion of Sso1 p/Sec9c and Snd p (solid circle) compared to SNARE-only 
Sso1 p/Sec9c and Snd p reactions (open circle). Adapted from Rodkey et al., 
2008. 
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3.3 Munc18a Requires Both the t-SNARE Complex and the v-SNARE to 
Stimulate Fusion 
The observed stimulation of fusion could be the result of Munc18a 
interaction with any of the participating SNAREs. It was determined if Munc18a 
interacts preferentially with one of the SNARE subcomplexes by mixing Munc18a 
for three hours with either t-SNARE or v-SNARE proteoliposomes independently, 
then adding the other proteoliposome population immediately before initiation of 
fusion at 37 °C. Preincubation of Munc18a (20 |iM) with t-SNARE (Figure 3-4, 
open diamonds) or v-SNARE (filled diamonds) proteoliposomes resulted in no 
stimulation of fusion, with initial rate and final extent of fusion essentially equal to 
SNARE-only control reactions (Figure 3-4, open circles). As expected, inclusion 
of all components during preincubation resulted in robust stimulation of fusion 
(filled circles) that was completely dependent on SNARE complex formation as 
shown by inhibiting a fusion reaction with the cytoplasmic domain of VAMP2 
(20 u.M CDV, solid line), which agrees with the findings of others (Shen era/., 
2007). These results suggest that both the t-SNARE complex and the v-SNARE 
communicate with Munc18a during the fusion reaction. 
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Figure 3-4. Munci 8a Interacts with Both t-SNAREs and v-SNAREs to 
Stimulate Membrane Fusion. Robust stimulation was observed when t-and-v-
SNAREs were preincubated for 3 hours with 20 |iM Munc18a (filled circle) 
compared to SNARE-only reactions with preincubation (open circle). However, no 
stimulation was observed when Syntaxin1a/SNAP25 proteoliposomes Were 
preincubated with 20 pM Munc18a with VAMP2 proteoliposomes added 
immediately before fusion (open diamond). Conversely, when VAMP2 
proteoliposomes were preincubated with 20 |iM Munc18a with 
Syntaxin1a/SNAP25 proteoliposomes added immediately before fusion (closed 
diamond), no significant stimulation of fusion above that of the SNARE-only 
control (open circle) was observed. All reactions contained 45 uJ 
Syntaxin1a/SNAP25 acceptor proteoliposomes (0.962 nmol protein, 44 nmol 
lipid), 5 pi VAMP2 donor proteoliposomes (0.189 nmol protein, 5.3 nmol lipid), 
and were brought up to a final volume of 60 pi with Munc18a and buffer A100. 
Proteoliposomes were preincubated 3 hours at 4 °C then fused 2 hours at 37 °C 
as described in Figure 3-1. Adapted from Rodkey et al., 2008. 
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3.4 Mund8a Binds the Assembled t-SNARE Complex 
Given that Seclp interacts directly with the Sso1p/Sec9c t-SNARE 
complex to stimulate fusion (Scott et ai, 2004), the potential for direct interaction 
between Mund 8a and the t-SNARE complex was examined. Recent NMR data 
suggest that Mund 8a may also bind directly to a soluble t-SNARE complex 
lacking the Syntaxinla TMD (Dulubova et ai, 2007). Binding of Mund 8a to the 
full-length t-SNARE complex also recently was suggested by both gel filtration 
and flotation (Guan et ai, 2008) as well as single molecule fluorescence 
spectroscopy (Weninger et al., 2008). Three methods were used to investigate 
Mund 8a binding to the preassembled t-SNARE complex. First, it was 
determined if Mund 8a could directly bind to the assembled t-SNARE complex 
reconstituted into proteoliposomes. Syntaxin1a/H6-SNAP25 acceptor 
proteoliposomes or protein-free (PF) liposomes were mixed with a three-fold 
molar excess of Munc18a-H6 for 4 hours at 4 °C, then the Mund 8a/t-SNARE 
complex proteoliposomes were reisolated from free Mund 8a by flotation through 
a density step gradient. Proteoliposomes were harvested and the extent of 
Mund 8a binding analyzed by SDS-PAGE followed by Coomassie staining. 
Significant although substoichiometric binding of Mund 8a to 
Syntaxin1a/SNAP25 was detected with minimal non-specific binding to protein 
free (PF) liposomes observed (Figure 3-6A). 
Second, Syntaxin1a/SNAP25b/Muhc18a heterotrimers were formed by 
mixing the proteins in detergent solution and then reconstituting the resulting 
complexes. This method was used in previous work with Sed p and the yeast t-
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SNAREs Sso1 p/Sec9c (Scott et al., 2004). Binding in the absence of lipid was 
accomplished by mixing Syntaxin1a/H6-SNAP25 protein in a 0.75% OG detergent 
solution with a three-fold molar excess of Mund 8a-H6 at 4°C for 4 hours. The 
resultant protein mixture was reconstituted into liposomes and floated through a 
density step gradient to remove unbound Mund 8a. Significant but 
substoichiometric binding of Mund 8a to the t-SNARE complex was observed 
(Figure 3-5A). 
Third, Mund 8a/t-SNARE complex interactions were investigated by 
copurification. Untagged Mund 8a was coexpressed with full-length untagged 
Syntaxinla and HiS6-SNAP25b and the complex was purified through nickel 
affinity chromatography (Figure 3-6B). Significant amounts of Mund 8a were 
eluted in fractions of both Munc18a/full-length t-SNARE complex with protein 
molar ratios similar to those shown in Figure 3-5A. 
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Figure 3-5. Munc18a Interacts Directly with the Assembled t-SNARE 
Complex to Stimulate Membrane Fusion 
(A) Syntaxin1a/H6-SNAP25 protein in 1% OG was mixed with a three-fold molar 
excess of Munc18a for 4 hours at 4 °C at a final [KCI] of 133 mM and final OG of 
0.8% and the mixture reconstituted. Proteoliposomes were run on a Novex 
NuPage 10% Bis-Tris gel stained with Coomassie blue. 10 ul of sample was 
loaded per lane. Lane 1, unlabeled Syntaxinl a/SNAP25 proteoliposomes. Lane 
2, unlabeled Syntaxinl a/SNAP25/Mund 8a proteoliposomes. Lane 3, SNARE-
free liposomes prepared in the presence if Munc18a. Munc18a binds the 
assembled t-SNARE complex, although apparently in substoichiometric amounts. 
(B) Functional Consequences of Munc18a Binding to Syntaxinl a/SNAP25. 
Mund 8a bound to the preassembled t-SNARE complex stimulates fusion to the 
same extent as soluble 20 |iM Mund 8a added to a fusion reaction of 
Syntaxinl a/SNAP25 acceptor & VAMP2 donor proteoliposomes, and is further 
stimulatable by addition of soluble 20 u,M Mund 8a to the fusion reaction. 45 ul 
of Mund 8a prebound to the t-SNARE complex (solid circle) was preincubated 3 
hours at 4 °C with VAMP2 donor liposomes in the presence (solid diamond) or 
absence of 20 uM soluble Mund 8a, then fused 2 hours at 37 °C. Fusion of 
Mund 8a prebound to Syntaxinl a/SNAP25 was stimulated to essentially the 
same extent as fusion of Syntaxinl a/SNAP25 & VAMP2 in the presence of 
20 |iM soluble Mund 8a (not shown) compared to a control reaction without 
Mund 8a (open circle). A roughly 1.8-fold stimulation of fusion above the 
SNARE-only control reaction was observed for Mund 8a prebound to the t-
SNARE complex and for a reaction with 20 uM Mund 8a added in solution. 
Addition of soluble 20 uM Mund 8a to a reaction of Mund 8a prebound to 
Syntaxinl a/SNAP25 and VAMP2 resulted in a further 1.6-fold stimulation (~2.8-
fold above SNARE-only control). Background fusion was measured by inhibiting 
a fusion reaction (solid line) with 20 uM CDV. Adapted from Rodkey et al., 2008. 
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Figure 3-6. Additional Methods Demonstrating Munc18a Binding to the 
Assembled t-SNARE Complex. 
(A). Munc18a binds preformed Syntaxin1a/SNAP25b proteoliposomes. 
Preformed Syntaxin1a/H6-SNAP25b (123 u,g, 2 nmol) proteoliposomes were 
mixed with a three-fold molar excess of Mund 8a-H6 for 4 hours at 4 °C, then the 
mixture was refloated through a 0%/30%/40% density step gradient. Binding was 
resolved on a Novex NuPAGE 10% Bis-Tris gel stained with Coomassie blue. 
Lane 1, Syntaxin1a/H6-SNAP25b proteoliposomes refloated with buffer. Lane 2, 
Syntaxin1a/H6-SNAP25b proteoliposomes mixed with Munc18a-H6 and refloated. 
Lane 3, 439 u.g (6 nmol) of Munc18a-H6 mixed with PF liposomes 4 hours at 4 °C 
and refloated. Adapted from Rodkey et al., 2008. 
(B). Mund 8a can be Coexpressed and Copurified with the Assembled t-SNARE 
Complex. Untagged Mund 8a was coexpressed and copurified with 
Syntaxinl a/H6-SNAP25b in 1 % OG and Buffer A200 by nickel affinity 
chromatography and eluted with a linear 20 mM to 500 mM imidazole gradient. 
Buffer A200 was used throughout the entire purification process. Fractions are 
shown (5 |il each) from a 4 L growth of Munc18a/Syntaxin1a/H6-SNAP25b were 
run on a 4%/12% SDS-PAGE gel stained with Coomassie Blue. Mund 8a 
clearly coelutes with the assembled t-SNARE complex, although again in 
apparently substoichiometric amounts based on relative sizes. 
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3.5 Mund 8a bound to the t-SNARE Complex Stimulates Fusion 
Next, the functional consequences of Mund 8a binding to the assembled 
t-SNARE complex were investigated. When Mund 8a and Syntaxin1a/SNAP25 
were mixed in detergent solution, coreconstituted (Figure 3-5B), and used as 
acceptor liposomes in a fusion assay, improved fusion was observed relative to t-
SNARE complexes without bound Mund 8a (Figure 3-5B, filled circles, vs. open 
circles). However, the addition of 20 uM soluble Mund 8a to the fusion reaction 
containing Mund 8a bound Syntaxin1a/SNAP25 acceptor proteoliposomes 
resulted in further stimulation (Figure 3-5B, filled diamonds). This increased 
stimulation is likely due to substoichiometric binding of Mund 8a to the t-SNARE 
complex during the reconstitution process, leaving some t-SNARE complex 
binding sites available to Mund 8a. These data confirm that the Mund 8a bound 
to the t-SNARE complex is a functional intermediate. Although significant binding 
of Mund 8a to the t-SNARE complex was observed by mixing Mund 8a and 
flotation through a density gradient as well as by copurification of the t-SNARE 
complex and Mund 8a, neither of these methods produced a functional 
stimulation of fusion as observed when the t-SNARE complex and Mund 8a were 
mixed in detergent and reconstituted as a unit. The reasons for the differences in 
functionality of Mund 8a among the three methods are unclear. It is possible that 
the conformation of Syntaxin necessary for functional Mund 8a binding is 
rendered unavailable by an extra round of flotation or by coexpression with the t-
SNARE complex. 
3.6 Munc18a Binds the v-SNARE VAMP2 
Evidence that Vps45p binds the v-SNARE Snd p (Carpp et al., 2006) led 
to investigation of Munc18a/VAMP2 interactions. Detectable but 
substoichiometric binding of Munc18a to VAMP2 was observed by both binding 
and reconstituting in detergent solution and binding to preformed VAMP2 
proteoliposomes (Figure 3-7A & Figure 3-7B). VAMP2-H6 could also be 
copurified with untagged Mund 8a as described above for the t-SNARE complex, 
although lesser amounts of Mund 8a were eluted as compared to the other two 
methods (data not shown). 
3.7 Mund 8a Functionally Interacts with the v-SNARE VAMP2 
Although Mund 8a appears to interact directly with the v-SNARE VAMP2, 
the functional consequences of this interaction were unclear. Since Mund 8a 
fails to stimulate fusion of the yeast SNAREs Sso1 p/Sec9c and Snc2p, Snc2p 
was replaced with VAMP2 in an in vitro fusion assay. The combination of 
Sso1p/Sec9c and VAMP2 proved to be functional, and a small (~20%) 
stimulation of fusion was observed (Figure 3-7C) and interpreted as the 
functional consequence of direct Munc18aA/AMP2 interaction. 
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Figure 3-7. Munc18a Directly Binds the v-SNARE VAMP2 
(A) VAMP2 donor proteoliposomes (4nmol) were mixed with 3X molar excess of 
soluble Mund 8a for 4 hours at 4 °C at a final [KCI] of 133 mM, then the mixture 
refloated through a density step gradient. Lane 1 - refloated VAMP2-only 
proteoliposomes (4 nmol). Lane 2 - VAMP2 proteoliposomes (4 nmol) mixed with 
Mund 8a (12 nmol) and refloated. Lane 3 - Protein-free (PF) liposomes refloated 
with 12 nmol Munc18a. 
(B) - Munc18a and VAMP2 can be bound in solution and reconstituted as a unit. 
VAMP2-H6 protein (6 nmol) was mixed to a final [KCI] of 125 mM with a 1.5 fold 
molar excess of Mund 8a-H6 in 0.8% OG for 4 hours at 4 °C, then the mixture 
reconstituted as a unit. Binding was resolved on a Novex NuPAGE 10% Bis-Tris 
gel stained with Coomassie blue. Lane 1, Reconstituted VAMP2-H6. Lane 2, 
VAMP2-H6 & Mund 8a-H6 reconstituted together. Lane 3, Munc18a-H6 floated 
without VAMP2-H6. 
(C) - Representative kinetic fusion graph of the effect of 20 u.M Mund 8a on 
fusion of the yeast t-SNAREs Sso1 p/Sec9c and the neuronal v-SNARE VAMP2. 
The fusion assay was performed as described in Figure 1 A. An ~1.2-fold 
stimulation of fusion resulted from addition of 20 uM Mund 8a to fusion of 
Sso1 p/Sec9c and VAMP2 (solid circle) compared to SNARE-only Sso1 p/Sec9c 
and VAMP2 (open circle). These results suggest Mund 8a directly and 
functionally interacts with VAMP2. Adapted from Rodkey et al., 2008. 
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3.8 Munc18a Binds the Fully Assembled Ternary SNARE Core Complex 
Previous work with yeast SNAREs showed that SM proteins could also 
bind to the fully assembled ternary SNARE core complex (Carr et al., 1999b; 
Scott et al., 2004). However, it was unknown if this binding mode was a property 
shared by Munc18a. Syntaxin1a/SNAP25 proteoliposomes were mixed with an 
equimolar amount of the soluble domain of VAMP2 (VAMP2ATMD), then a three-
fold molar excess of Mund 8a added and incubated 4 hours at 4 °C. The mixture 
then was floated through a density gradient to separate unbound protein, and the 
protein content of liposomes determined by SDS-PAGE. Similar to the yeast 
SNAREs, significant binding was observed to the assembled neuronal SNARE 
core complex (Figure 3-8A). The amount of Munc18a bound to the ternary 
SNARE complex appeared to be roughly the same as a sample with Munc18a 
and t-SNARE complex alone. 
3.9 Mund 8a may Remain Bound During the Fusion Reaction 
Although results of this and other studies indicate that Mund 8a can bind 
both neuronal t-and-v-SNAREs, and the assembled ternary complex, it was 
unclear if Mund 8a interacts with the SNAREs then dissociates, or if Mund 8a 
remains bound to the SNAREs during the course of the fusion reaction. To 
investigate this question, Syntaxin1a/SNAP25 and VAMP2 proteoliposomes were 
fused in the presence of 20 u.M Mund 8a in a heat block at 37 °C for 2 hours, 
then the fused proteoliposomes floated through a density step gradient. 
Proteoliposomes were harvested as described and analyzed by SDS-PAGE and 
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Coomassie blue staining (Figure 3-8B). Based on this result, Munc18a appears 
to remain bound in significant quantities to fused proteoliposomes. 
64 
97.4-
66.2-
45.0-
31.0-
21.5-
14.4-
-
T 
— 
+ 
+ 
+ 
. 
* " * — 
I-Munc18a 
I-VAMP2ATMD 
i- Munc18a 
- Syntaxinla 
- SNAP25b 
- VAMP2ATMD 
21.5-
- Munc18a 
Munc18a 
Syntaxinla 
SNAP25b 
Figure 3-8. Munc18a Interacts with the Preformed Ternary SNARE 
Complex. 
65 
Figure 3-8. Mund 8a Interacts with the Preformed Ternary SNARE 
Complex. 
(A). The ternary SNARE complex was formed by mixing Syntaxin1a/SNAP25 
acceptor proteoliposomes with a 3X molar excess of VAMP2ATMD for 1 hour at 
4 °C. Mund 8a was then added in molar excess of the ternary complex and the 
samples were mixed for 4 hours at 4 °C and floated through a density gradient. 
Binding was resolved by Coomassie staining of a 10% Bis/Tris Novex NuPage 
gel, 10|il run per lane. Lane 1, Syntaxin1a/SNAP25 (2.14 nmol) proteoliposomes 
with VAMP2ATMD (2.2 nmol, 27.8 ug) bound. Lane 2, Syntaxin1a/SNAP25 (2.14 
nmol) proteoliposomes, VAMP2ATMD (2.2 nmol), Mund 8a (6 nmol). Lane 3, 
Syntaxin1a/SNAP25 (2.14 nmol) proteoliposomes mixed with Mund 8a (6 nmol). 
(B) A mock fusion assay of Syntaxin1a/SNAP25b, 20 uM Mund 8-1 -H6, and 
VAMP2. 90 u.l of Syntaxin1a/SNAP25b proteoliposomes were mixed with 10 ul 
VAMP2 proteoliposomes and 20 u.M Mund 8a or buffer, then fused in a heat 
block for 2 hours at 37 °C. The resulting fused proteoliposomes were floated 
through a 0%/30%/40% density step gradient. Binding was resolved by 
Coomassie staining of a 10% Bis/Tris Novex NuPage gel, with 10 u.l of sample 
run per lane. Lane 1, Syntaxin1a/SNAP25b proteoliposomes fused with VAMP2 
proteoliposomes. Lane 2, Syntaxin1a/SNAP25b proteoliposomes fused with 
VAMP2 proteoliposomes in the presence of 20 uM Mund8a. Mund8a remains 
bound after flotation of the fused proteoliposomes. 
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Chapter 4: The Structural Basis of Munc18a-Stimulated Membrane Fusion 
4.1 Munci 8a Must Interact with the Syntaxinla N-Terminal Regulatory 
Domain (NRD) to Stimulate Fusion. 
The syntaxin family of SNARE proteins is the most conformational^ 
dynamic of the SNAREs and Syntaxins are likely key loci for regulation. Free 
Syntaxinla adopts at least two conformations depending if the large N-terminal 
regulatory domain (NRD, also known as the HABC domain) is in an "open" or 
"closed" conformation. The "open" conformation of the NRD is likely required for 
SNAP25 binding and the "closed" conformation, where the NRD folds back and 
binds to the H3 SNARE core domain, is stabilized by association with Mund8a 
(Misura et al., 2000; Yang et al., 2000a). The structure of the 
Syntaxin1a/Munc18a complex showed that Munc18a makes extensive contacts 
with the NRD (Misura et al., 2000). Given that the NRD is very likely in a different 
location in the t-SNARE complex than in isolated Syntaxinla, it was possible that 
the NRD sequence might not be necessary for Munc18a to bind the conformation 
of Syntaxinla present in the assembled t-SNARE complex. For these 
experiments, a mutant form of Syntaxinla engineered to contain a thrombin 
cleavage site between the NRD and the H3 domain (Parlati et al., 1999) was 
utilized. A t-SNARE complex containing thrombin-cleavable Syntaxinla 
(tcSyntaxinla) and H6-SNAP25b was expressed, purified, and reconstituted into 
liposomes. Cleaved and non-cleaved tcSyntaxin1a/SNAP25b proteoliposomes 
were preincubated in the presence or absence of 20 u,M Munc18a. While 
Munc18a bound to uncleaved tcSyntaxin1a/SNAP25b proteoliposomes as 
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expected, no binding to the cleaved t-SNARE complex lacking the NRD was 
detected (Figure 4-1 A). Removal of the NRD itself improves fusion as previously 
reported (Parlati et al., 1999) as the autoinhibitory function of the NRD is 
abolished. These results suggest that the Syntaxin NRD participates in Mund 8a 
binding to the assembled t-SNARE complex. 
4.2 Munci 8a only Minimally Contacts the t-SNARE Complex Light Chain 
to Stimulate Fusion 
Although it is clear that Munc18a binds the Syntaxinla NRD to stimulate in 
vitro fusion fully, it was unclear whether Munc18a binds more than just the 
Syntaxinla NRD within the assembled t-SNARE complex, including the t-SNARE 
complex light chain SNAP25b. In order to test Mund 8a/SNAP25b interactions, a 
mixed t-SNARE complex composed of Syntaxinla and the yeast t-SNARE light 
chain Sec9c was coexpressed, reconstituted, and fused with VAMP2 in the 
presence or absence of 20uM Mund 8a. Fusion of the mixed t-SNARE complex 
in the absence of Mund 8a was equivalent to the wildtype t-SNARE complex in 
initial rate and final extent (Figure 4-2A & B). The addition of 20u.M soluble 
VAMP2 (CDV) effectively inhibited fusion of the mixed t-SNARE complex (Figure 
4-2B, solid line). Although Mund 8a stimulated the mixed t- SNARE complex to 
essentially the same extent as equivalent wildtype t-SNAREs (Figure 4-2B, filled 
circles), a substantial decrease was observed in the initial rate of Mund 8a-
mediated stimulated fusion with the mixed t-SNARE complex compared to 
wildtype t-SNARE complex (Figure 4-2B). 
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Figure 4-1. Removal of the Syntaxinl a NRD Abolishes Stimulation of 
Fusion by Mund 8a. 
(A) - A thrombin-cleavable version of Syntaxinl a, TcSyntaxinla, which contains 
a thrombin cleavage site between the NRD and H3 Domain, was coexpressed 
with SNAP25b, reconstituted, and cleaved with thrombin. Both cleaved and 
uncleaved proteoliposomes were mixed with a molar excess of Mund 8a-H6, and 
the mixture refloated through a 0%/30%/40% density step gradient. Binding of 
Munc18a and cleavage of the NRD was resolved on an SDS-PAGE gel stained 
with Coomassie Blue. Mund 8a fails to bind the assembled t-SNARE complex in 
the absence of the Syntaxinl a NRD. 
(B) - Thrombin-cleaved or noncleaved TcSyntaxinl a/H6-SNAP25b 
proteoliposomes were incubated with and without 20 u.M Mund 8a-H6 for 3 hours 
at 4 °C, then fused 2 hours at 37 °C. Endpoint fusion (% maximum fluorescence) 
at 2 hours is shown. Optimal thrombin cleavage conditions were empirically 
determined (data not shown). Thrombin-cleaved Syntaxinl a/H6-SNAP25b 
proteoliposomes fuse faster than the control non-cleaved reaction due to lack of 
autoinhibitory activity of the NRD. Cleavage of the NRD abolishes stimulation of 
fusion by Mund 8a. 
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It is likely that these differences in rate are attributable directly to the overall 
differences in rate of in vitro fusion of proteoliposomes containing yeast (McNew 
et ai, 2000) or neuronal (Weber et ai, 1998) SNAREs and not the ability of 
Munc18a to stimulate fusion. As a negative control, production of a reversed 
mixed t-SNARE complex containing a yeast heavy chain (Sso1 p) and a neuronal 
light chain (SNAP25b) was attempted by two methods. The first method involved 
mixing H8-Sso1 p and H6-SNAP25b in detergent, then reconstituting by detergent 
dilution and dialysis. The second method involved reconstituting H8-Sso1p by 
itself, then adding a molar excess of H6-SNAP25b and refloating the mixture to 
remove unbound H6-SNAP25b. However, neither method produced a 1:1 
stoichiometry of Ssoi p and SNAP25b, and none of the reversed mixed t-SNARE 
complex proteoliposomes were functional above background signal in an in vitro 
fusion assay (data not shown). 
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Figure 4-2. The Neuronal t-SNARE Complex Light Chain SNAP25b is Not 
Required for Stimulation of Fusion by Munc18a. 
Representative kinetic fusion graphs of stimulation of Syntaxinl a/Hs-Sec9c by 
Munc18a (B) compared to fusion reactions containing equivalent amounts of 
Syntaxin1a/H6-SNAP25b (A). Difficulty in expression of Syntaxin1a/H8-Sec9c 
necessitated the use of liposomes with ~1:500 protein:lipid ratios as determined 
by Amido Black protein quantitation and lipid recovery as measured by 
scintillation count of 3H in the lipid. Wild-type Syntaxinl a/H6-SNAP25b liposomes 
were reconstituted in matching protein:lipid ratios. Soluble wild-type Munc18a 
was added to a final concentration of 20 uM in both cases, and the final volume 
of all reactions was 60 uJ. The same v-SNARE population (1:30 protein:lipid 
ratios) was used in each experiment. Each fusion reaction was conducted as 
described in Figure 1A. Background signal was measured by inhibiting fusion 
reactions with 20 |iM CDV (solid line, top and bottom panels). Munc18a 
stimulates endpoint fusion of Syntaxin1a/H8-Sec9c (B, solid circle) compared to 
SNARE-only reactions (B, open circle). Munc18a also stimulates equivalent 
reactions with wild-type Syntaxinl a/H6-SNAP25b (A, solid circle) compared to 
SNARE-only reactions (A, open circle). However, the initial rate of fusion is 
significantly impaired when Mund 8a is added to Syntaxinl a/H8-Sec9c as 
compared to addition of Mund8a to Syntaxinl a/H6-SNAP25b. Adapted from 
Rodkey et al., 2008. 
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(A). Munc18a Interacts with the Syntaxinla H3 Domain. Representative kinetic 
fusion graph of the effect of 20 uM Munc18a on fusion of the Syntaxinl a 
NRD/Sso1 H3 domain/SNAP25b chimera fused with VAMP2. Fusion reactions 
were conducted as described in Figure 1 A, and data reported as percent of 
maximum fluorescence. Background signal was measured by inhibiting a fusion 
reaction with 20 |iM CDV (solid line). Addition of 20 uM Munc18a had no 
observable effect on fusion of Syntaxinla NRD/Sso1 H3 domain/SNAP25b and 
VAMP2 (solid circle) as compared to SNARE-only reactions (open circle). 
Adapted from Rodkey et al., 2008. 
(B). Deletion of the Syntaxinla Linker Region (159-182) Abolishes Stimulation of 
Fusion by Munc18a. Kinetic fusion graph of Syntaxinl aA159-182/H6-SNAP25b 
acceptor proteoliposomes fused with VAMP2 donor proteoliposomes in the 
presence (solid circle) or absence of 20 |iM Munc18a (open circle). Fusion of 
Syntaxinl aA159-182/H6-SNAP25b and VAMP2 without Munc18a was compared 
to equivalent wild-type Syntaxinl a/H6-SNAP25b and VAMP2 reactions (solid 
diamond). The fusion assay was performed as described in Figure 1A, with final 
volumes of 60 u.l per reaction. The same population of VAMP2 donor 
proteoliposomes was used in all reactions. Results are reported as percent of 
maximum fluorescence. Background signal was measured by inhibiting a fusion 
reaction with 20 uM CDV. Fusion of Syntaxinl aA159-182/H6-SNAP25b was not 
impaired compared to wild-type Syntaxinl a/H6-SNAP25b. However, Munc18a 
was only able to stimulate fusion of Syntaxinl aA159-182/H6-SNAP25b by -20%, 
very similar to the effect of Munc18a on Sso1p/Sec9c and VAMP2. Adapted 
from Rodkey et al., 2008. 
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4.3 Munc18a Interacts with the Syntaxinla H3 Domain in Addition to the 
NRD to Stimulate Fusion 
Although Munc18a is known to bind the Syntaxinla NRD, it was unclear if 
Mund 8a binds more area of Syntaxinla within the context of the assembled t-
SNARE complex. Mund 8a is inactive on the exocytic yeast SNAREs 
Sso1 p/Sec9c (Figure 3-3). Therefore, a chimera of the Ssol p H3 SNARE core 
complex domain and the Syntaxinla NRD was cloned and coexpressed with 
Sec9c. The chimeric t-SNARE complex was reconstituted and fused with 
VAMP2 or Snc2p in the presence or absence of 20 uJvl Mund 8a. No detectable 
stimulation of fusion was observed in reactions containing both the 
Syntaxin1a/Sso1 chimera and Mund 8a (Figure 4-3A). This result suggests that 
Mund8a directly contacts the Syntaxinla H3 domain in addition to the NRD, and 
that Mund8a interacts with the majority of Syntaxinla in order to stimulate in 
vitro fusion. 
4.4 Movement of the Syntaxinla NRD through its Flexible Linker Region 
Allows Mund 8a to Stimulate Fusion 
The Syntaxinla NRD is known to assume either an "open" or a putatively 
autoinhibitory "closed" conformation (Dulubova era/., 1999). The Syntaxinla 
NRD is thought to be able to change conformation via a flexible a-helical linker 
region (residues 159-182) (Margittai era/., 2003a). Mund8a has been 
implicated in the regulation of the Syntaxinla NRD conformational state 
(Dulubova et al., 1999; Yang et al., 2000a). In order to determine if the 
Syntaxinla linker region affects stimulation of fusion by Mund8a, a Syntaxinla 
linker region deletion mutant (Syntaxinla A159-182) was generated, 
coexpressed with SNAP25b, reconstituted, and fused with VAMP2 in the 
presence or absence of 20 u,M Mund 8a. Proteoliposomes containing t-SNARE 
complexes containing Syntaxinla A159-182 fused with VAMP2 as well as those 
produced with wild-type Syntaxinla (Figure 4-3B, open circles). However, 
stimulation of fusion in the presence of Mund 8a was impaired markedly 
compared to wild-type Syntaxin1a/SNAP25 for this mutant (Figure 4-3B filled 
circles). Both the rate (1.65-fold vs 4.6-fold for wild-type) and extent (1.3-fold vs 
2-fold for wild-type) of fusion stimulation by Mund 8a were largely abolished 
(Figure 4-3B) while binding of Mund8a to free Syntaxinla A159-182-H6 was 
apparently unaffected (data not shown). 
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4.5 Phosphorylation of Munc18a at T574 may Slightly Enhance Fusion 
Several reports suggest that Munc18a may be phosphorylated by CDK5 at 
T574 (Shuang et al., 1998; Fletcher et al., 1999). This phosphorylation is thought 
to dissociate Syntaxin1a/Munc18a heterodimers (Shuang era/., 1998). However, 
phosphorylation of Munc18b T572 by CDK5 enhances Munc18b binding to the 
preassembled Syntaxin3b/SNAP25b t-SNARE complex (Liu et al., 2007). Site-
directed mutagenesis was used to introduce a phosphomimetic mutant (T574D) 
in Mund 8a to test the potential effects of Munc18a phosphorylation on in vitro 
fusion. Munc18a T574D protein was expressed, purified, and added to fusion 
reactions of Syntaxin1a/SNAP25b and VAMP2 (Figure 4-4A, open triangle). An 
~20% increase in initial rate of fusion was observed over that of wild-type 
Munc18a, while only a 5% increase in endpoint fusion was detected (Figure 4-
4B). 
4.6 Ionic Interactions between Munc18a and Syntaxinla Contribute to 
Stimulation of Fusion 
Molecular modeling of the Munc18a/Syntaxin1a heterodimer indicated that 
ionic interactions may exist between arginine 114 in Syntaxinla and glutamate 
59 in Munc18a as well as glutamate 234 in Syntaxinla and arginine 39 in 
Mund 8a. To test whether those two ionic interactions are required for Mund 8-
mediated stimulation, site-directed mutagenesis was used to mutate Mund 8a 
R39 and Mund 8a E59 to residues carrying the opposite charge (E->R and R->E) 
in order to destroy the postulated salt bridges. Mund 8a R39E and Mund 8a 
E59R mutants were cloned, expressed, and purified as described for wild-type 
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Munc18a. The effects of these mutations were assayed by adding 20u.M of 
either Munc18a R39E or Munc18a E59R to fusion reactions of 
Syntaxin1a/SNAP25b and VAMP2, and comparing initial rates and endpoint 
fusion to reactions with same neuronal SNAREs and 20u.M wild-type Munc18a. 
Munc18a R39E showed no significant deficit in initial rate of fusion, although 
endpoint fusion was slightly impaired, but not statistically significant (Figure 4-4A, 
open square). In contrast, the initial rate of fusion of Munc18a E59R was ~40% 
slower than wildtype (2.83-fold vs 4.46-fold), while stimulation of endpoint fusion 
was impaired by ~25% (1.56-fold vs 2.02-fold) (Figure 4-4B). 
Although deficits in initial rate and final extent of fusion were observed with 
the Munc18a R39E and E59R mutants, it was unclear if restoring the appropriate 
charge to the Syntaxinla residue involved in the postulated salt bridges would 
rescue the deficit in fusion caused by the Mund 8a mutants. Therefore, 
Syntaxinla R114E and Syntaxinla E234R mutants were cloned by site-directed 
mutagenesis, co-expressed with SNAP25b, reconstituted, and fused with VAMP2 
in the presence or absence of wild-type Mund 8a or the appropriate mutant 
Mund8a. The Syntaxinla E234R mutation appears to have little deleterious 
effect on SNARE-only fusion; however, the Syntaxinla R114E mutant is 
significantly impaired in SNARE-only fusion compared to the wild-type 
Syntaxinla. Addition of either wild-type or the appropriate mutant Mund8a to 
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Figure 4-4. Ionic Interactions Contribute to Stimulation of Fusion by 
Munc18a. 
(A). Representative kinetic fusion graph of Syntaxin1a/SNAP25b 
proteoliposomes fused with VAMP2 proteoliposomes in the absence (open circle) 
or presence of 20 uM wild-type or mutant (R39E, E59R, T574D) Munc18a. The 
fusion assay was performed as described in Figure 3-1 A. Background fusion 
(solid line) was measured by inhibiting a standard fusion reaction with 20 uM 
CDV. Wild-type Munc18a (solid circle) produced an ~2 fold stimulation of 
endpoint fusion at 120 minutes compared to a SNARE-only control reaction 
(open circle). Little deviation from wild-type Munc18a was observed with the 
Munc18a phosphomimetic T574D (open triangle), while a small deficit in endpoint 
fusion was observed with Munc18a R39E (open square), and a more noticeable 
deficit in endpoint fusion and initial rate was detected with Munc18a E59R (open 
diamond). 
(B). Histogram of differences in initial rate of fusion measured during the 6-10 
minute time period among the Munc18a mutants (bottom panel) compared to 
stimulation of endpoint fusion (top panel). Net fusion (percent of maximum 
fluorescence) for the 6 minute, 8 minute, and 10 minute time points was 
calculated in each fusion reaction in the top panel and the slope from linear curve 
fits was calculated for each reaction. Slopes were averaged and compared to 
curve fits of the same time points taken from SNARE-only reactions. More 
dramatic increases in fold stimulation were observed with initial rates than 
endpoint fusion, as wild-type Munc18a produced a 4.48-fold increase in initial 
rate of fusion compared to a 2-fold increase in net fusion at 120min. The 
Munc18a E59R mutation noticeably impaired initial rate, as Munc18a E59R 
stimulated the initial rate of fusion by 2.83-fold, an ~40% reduction from the initial 
rate of wild-type Munc18a. Little deviation in rate was observed with Munc18a 
R39E compared to wild-type (4.29-fold vs 4.48-fold), while the initial rate of fusion 
of the phosphomimetic was ~20% faster than wild-type (5.56-fold vs 4.48-fold). 
Error = SEM. Adapted from Rodkey et al., 2008. 
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attempt to restore the postulated salt bridge mutated in the Syntaxin resulted in 
comparable stimulation of fusion by both wild-type and mutant Munc18a. 
However, it is difficult to determine if the reciprocal Syntaxinl a mutations rescue 
the deficits caused by the Mund 8a mutations. Compounding the issue is the 
deficit in SNARE-only fusion caused by the Syntaxinl a E234R mutation 
compared to the wild-type SNARE-only reactions. 
4.7 Syntaxinl a 1233 may not be Involved in the Munc18a/Syntaxin1a 
Binding Interface 
The D. melanogaster SM protein ROP (Ras Opposite) is thought to 
function similarly to Mund 8a, and associates with a Syntaxin binding partner 
(Wu et al., 1999). An I236A mutation in the H3 SNARE core complex domain of 
D. melanogaster Syntaxinl a was shown to abrogate the ROP/Syntaxin1a 
interaction. Consequently, an analogous mutation in ft norvegicus Syntaxinl a, 
I233A, was created and tested in an in vitro fusion assay to determine if the same 
Syntaxinl a mutation would affect Mund 8a interaction with the assembled t-
SNARE complex. The Syntaxinl a I233A mutation has little to no detrimental 
effect upon the stimulatory action of Mund 8a on mammalian neuronal SNAREs. 
This result suggests that while ROP may interact with D. melanogaster 
Syntaxinl a 1236, Syntaxinl a 1233 is not involved in stimulation of fusion of 
mammalian neuronal SNAREs by Mund 8a. 
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4.8 Munc18a and the Vc Peptide Stimulate Fusion Differently. 
The rate and extent of fusion with the neuronal SNAREs 
Syntaxin1a/SNAP25 and VAMP2 can be greatly increased by addition of a 
soluble C-terminal VAMP2 peptide that binds to and structures the C-terminus of 
the t-SNARE complex near the Syntaxinla TMD, allowing the SNAREs to 
"zipper" and drive membrane fusion more quickly (Melia et ai, 2002). The 
structure of the Syntaxinl a/Mund 8a dimer suggests that Mund 8a may 
associate with the C-terminal portion of the Syntaxin H3 domain and affect its 
function. We therefore tested the possibility that Mund 8a stimulates fusion in a 
manner analogous to the Vc peptide and that it could potentially structure a 
portion of the Syntaxin H3 domain. The addition of Vc peptide to fusion reactions 
without Mund 8a stimulated fusion ~4X above a buffer control (Figure 4-5, open 
diamonds) compared to ~2X stimulation with 20 u,M Mund 8a without Vc (Figure 
4-5, filled circles). The combination of both Mund 8a and the Vc peptide 
marginally improved fusion above Vc peptide only, mostly increasing the initial 
rate of fusion (Figure 4-5, filled diamonds) These data suggest that Mund 8a 
may act in a different manner than the Vc peptide, or act less efficiently than Vc in 
that role. 
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Figure 4-5. Muriel 8a and the Vc Peptide Stimulate Fusion Differently. 
Syntaxin1a/H6-SNAP25b proteoliposomes were incubated 3 hours at 4 °C then 
fused 2 hours at 37 °C with either a 2-fold molar excess of Vc peptide or 20 u.M 
Mund 8a or both in a standard fusion reaction. The Vc peptide (open diamond) 
stimulates the extent of fusion approximately 2-fold more than Mund 8a alone 
(solid circle), which stimulates fusion approximately 2-fold more than a SNARE-
only control (open circle). An increase in initial rate but not extent of fusion was 
observed with inclusion of both Vc peptide and Mund 8a (solid diamond). 
Background signal (solid line) was measured as before by addition of 
VAMP2ATMD to a fusion reaction including 10 |iM Mund 8a as an additional 
control. 
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Chapter 5: Synaptotagmin 1 and Munci8a Stimulate Fusion Additively 
5.1 General Introduction to the Calcium Sensor Synaptotagmin I 
Although Mund 8a and Sec1 p clearly stimulate fusion in vitro (Shen 2007, 
Scott 2004), SM proteins are not the only SNARE regulators capable of 
accelerating in vitro fusion. The putative calcium sensor protein Synaptotagmin I 
has also been shown to stimulate in vitro fusion of Syntaxin1a/SNAP25b and 
VAMP2 in the presence of Ca2+ ions, although it inhibits fusion in the absence of 
Ca2+ (Tucker et ai, 2004). Whereas Mund 8a appears to interact with the 
t-SNARE complex heavy chain and the v-SNARE, Synaptotagmin I is believed to 
interact with the light chain SNAP25b and directly with negatively charged lipids 
such as phosphatidylserine. Given the essential and late roles of these two 
proteins in exocytosis, it was possible that they might work together to accelerate 
in vitro fusion more than either one alone could. Consequently, both Mund8a 
and Synaptotagmin I were added to in vitro fusion assays with and without Ca2+, 
and stimulation of fusion obtained from addition of both regulators compared to 
stimulation of fusion with either alone. In this system, it appears that Mund 8a 
and Synaptotagmin I can work in an additive fashion to stimulate fusion to a 
greater extent than either molecule can alone. This result was shown with 
liposomes created by the standard dilution/dialysis methodology as well as with 
100 nm extruded liposomes. 
85 
5.2 Synaptotagmin + Ca2+ Relieves the Preincubation Requirement of 
Munc18a 
In order to stimulate fusion, Munc18a requires a 3 hour preincubation 
period in which Munc18a is mixed with both t-SNARE and v-SNARE 
proteoliposomes (Figure 3-3). Addition of 20 uM Munc18a to a standard fusion 
assay without incubating any of the components fails to stimulate fusion, and the 
rate and extent of fusion in the presence of Munc18a are equivalent to that of the 
SNARE-only control. However, when 20 uM Munc18a is added in the presence 
of Synaptotagmin I and Ca2+, the requirement for the preincubation with Munc18a 
is relieved, and fusion is stimulated at a rate and extent suggesting that Munc18a 
function has been restored (Figure 5-1). This relief of the Munc18a preincubation 
requirement is clearly dependent on the interaction of Synaptotagmin I with 
negatively charged lipid in the presence of Ca2+, as fusion of Syntaxin1a/SNAP25 
and VAMP2 in which all SNAREs are reconstituted in liposomes lacking any 
charged lipids is not stimulatable by Synaptotagmin + Ca2+ either in the presence 
or absence of Mund 8a. 
5.3 Synaptotagmin I Requires the t-SNARE Complex Light Chain 
SNAP25b to Stimulate Fusion 
Synaptotagmin clearly requires binding to the t-SNARE complex light 
chain SNAP25b to function, whereas Mund 8a does not. In order to 
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Figure 5-1. Synaptotagmin I Relieves the Preincubation Requirement of 
Munc18a. Representative kinetic fusion graph (n=3) of the effect of 
Synaptotagmin I on fusion of Syntaxin1a/SNAP25b and VAMP2 in the presence 
or absence of 20 pM Munc18a. Data is reported as percent of maximum 
fluorescence. The fusion assay was performed as described in Figure 1 A, 
except without preincubation. Background signal was measured by inhibiting a 
fusion reaction with 20 uM CDV (solid line). Munc18a has little effect on fusion 
without preincubation (open diamond vs open circles). Addition of 10 |iM 
Synaptotagmin I + 1 mM Ca2+ stimulates fusion ~2-fold (solid circles), although 
Synaptotagmin I is without effect without Ca2+ (open triangles). Addition of both 
20 |iM Munc18a and 10 pM Synaptotagmin I + Ca2+ (solid diamonds) stimulates 
both the initial rate and final extent of fusion above that of Synaptotagmin I + Ca2 
or Munc18a alone, suggesting that the two molecules may cooperate to 
accelerate membrane fusion. 
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Figure 5-2. Munc18a but not Synaptotagmin I Requires the v-SNARE 
VAMP2 to Stimulate Membrane Fusion. Representative kinetic fusion graph of 
the effects of Synaptotagmin I or Munc18a on fusion of the mammalian neuronal 
t-SNAREs Syntaxin1a/SNAP25b and the D. melanogaster v-SNARE 
Synaptobrevin in the presence or absence of 20 uM Mund 8a or 10 uM 
Synaptotagmin I + 1 mM Ca2+. Data is reported as % maximum fluorescence. 
The fusion assay was performed as described in Figure 3-1 A, except that 
Synaptotagmin I and Ca2+ were added immediately before fusion. Background 
signal was measured by inhibiting a fusion reaction with 20|iM CDV (solid line). 
Addition of 20 u.M Mund 8a has no appreciable effect on fusion, while 
Synaptotagmin I robustly stimulates fusion ~2-fold in the presence of Ca2+, 
suggesting that Mund 8a requires the v-SNARE to function while Synaptotagmin 
does not. 
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biochemically separate the functions of Synaptotagmin I and Munc18a, both were 
added to fusion reactions of the mixed t-SNARE (Syntaxin1a/H8-Sec9c) and 
VAMP2 in the presence and absence of 1 mM Ca2+. Mund 8a stimulates fusion 
in the presence or absence of Ca2+ as observed previously, while Synaptotagmin 
inhibits fusion in the presence or absence of Ca2+, which strengthens the 
argument for the absolute requirement of SNAP25b for the function of 
Synaptotagmin I. 
5.4 Synaptotagmin I Does Not Require the v-SNARE to Stimulate Fusion 
Although Mund 8a appears to interact with the v-SNARE to stimulate 
membrane fusion, it was unclear if Synaptotagmin I displayed the same 
requirement for the v-SNARE. Therefore, the D. melanogaster v-SNARE 
Synaptobrevin was expressed, purified, and reconstituted by detergent dilution 
and dialysis, then fused with the mammalian neuronal t-SNAREs 
Syntaxin1a/SNAP25b in the presence of either Mund 8a or Synaptotagmin I + 
Ca2+ (Figure 5-2). Synaptobrevin donor proteoliposomes successfully fused with 
mammalian t-SNARE acceptor proteoliposomes, and Synaptotagmin I was able 
to stimulate fusion ~2-fold in the presence of 1 mM Ca2+. However, Mund 8a 
failed to stimulate fusion above the SNARE-only control, taken together, these 
results reinforce that Mund 8a directly and functionally interacts with the 
v-SNARE, and suggest that the activity of Synaptotagmin I does not depend on 
the v-SNARE. 
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Figure 5-3. Synaptotagmin 1 but Not Munc18a Requires the Anionic Lipid 
Phosphatidyl serine (PS) to Stimulate Fusion. Representative kinetic fusion 
graph of the effects of Synaptotagmin 1 or Munc18a on fusion of 
Syntaxinl a/SNAP25b and VAMP2 reconstituted in phosphatidylcholine-only 
liposomes in the presence or absence of 20 u,M Mund 8a or 7 u.M 
Synaptotagmin 1 + 1 mM Ca2+. Data is reported as percent of maximum 
fluorescence. The fusion assay was performed as described in Figure 3-1 A, 
except that Synaptotagmin 1 (C2AB domain) and Ca2+ were added immediately 
before fusion with and without Mund 8a, and Mund 8a only preincubated in one 
reaction as indicated. Background signal was measured by inhibiting a fusion 
reaction with 20 uM CDV (solid line). Mund 8a requires preincubation to 
stimulate fusion, and continues to function in the absence of PS. Synaptotagmin 
1 is unable to stimulate fusion in the absence or presence of Ca2+ in the absence 
of PS, suggesting that Mund 8a stimulates fusion in a lipid-independent manner 
while Synaptotagmin 1 depends on the presence of PS to stimulate fusion. 
Removal of PS also abolishes the combined effects of Mund 8a and 
Synaptotagmin 1, and the ability of Synaptotagmin 1 to alleviate the 
preincubation requirement of Mund 8a. 
5.5 Stimulation of Fusion by Synaptotagmin 1 and Munci 8a Combined 
with Synaptotagmin 1 Requires Phosphatidylserine. 
Synaptotagmin 1 requires the presence of either the anionic lipids 
phosphatidylserine or PIP2 to stimulate fusion of neuronal SNAREs in vitro 
(Chapman, 2008). Although Munc18a has been reported to interact with 
arachidonic acid (Connell etal., 2007), no absolute lipid requirement has been 
demonstrated for the effect of Munc18a on in vitro membrane fusion. Given that 
Synaptotagmin I and Munc18a may work in concert to promote membrane 
fusion, and that both proteins interact with SNAREs, it was unclear if a specific 
lipid interaction was still necessary. 
The assembled Syntaxin1a/SNAP25b t-SNARE complex and VAMP2 
were both reconstituted into 100% phosphatidylcholine proteoliposomes. The 
effects of Munc18a and Synaptotagmin I in the presence and absence of Ca2+ 
were then tested on in vitro membrane fusion reactions (Figure 5-3). 
Synaptotagmin I clearly cannot stimulate membrane fusion and is slightly 
inhibitory in the absence of PS, even in the presence of Ca2+ (Figure 5-3, filled 
and open right triangles). Munc18a continues to stimulate fusion as observed 
before but still requires preincubation to function (Figure 5-3, filled circle and filled 
diamond). Synaptotagmin I either with or without Ca2+ is unable to alleviate the 
preincubation requirement for Munc18a in the absence of PS (Figure 5-3, filled 
and open equilateral triangles), suggesting that Munc18a and Synaptotagmin I + 
Ca2+ may work in concert to stimulate fusion by interacting with lipid as well as 
protein. 
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Chapter 6: Characterization of Mund8a Protein 
6.1 Mund 8a is Sensitive to Temperature 
Although Mund 8a clearly stimulates fusion at 37 °C, the difference in rate 
of fusion between the first 20 minutes and the remainder of the two hour assay 
warranted investigation into the heat tolerance of Mund 8a, as it was possible 
that Mund 8a could be heat-sensitive and simply lose function after a short 
period of time. Temperature sensitivity of the Mund 8a protein was investigated 
in several ways. First, the protein was simply heated to 95 °C for one minute, 
cooled to room temperature, and added to a standard fusion assay. The protein 
is clearly heat-sensitive, as one minute at 95 °C completely abolished stimulation 
of fusion. 
Many proteins have been shown to lose function after repeated freeze-
thaw cycles. A large aliquot of Mund 8a was repeatedly freeze-thawed by snap 
freezing in liquid nitrogen, and subaliquots taken from each cycle and added to 
independent in vitro fusion reactions. It appears that multiple freeze-thaw cycles 
are detrimental to Mund 8a function, as activity decreased after two cycles. 
Consequently, Mund 8a protein was aliquoted in the smallest possible usable 
quantity (10 |il) after purification in order to minimize loss of activity due to freeze-
thaw cycles. 
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6.2 Mund 8a Function is Sensitive to Ionic Strength 
Another factor that affects protein/protein interactions and that could thus 
possibly influence the action of Mund 8a in an in vitro fusion assay is salt 
concentration. In addition, multiple attempts to purify Mund 8a in [KCI] lower 
than 200 mM resulted in irreversible precipitation of the protein, which also 
indicated that its action might be salt-sensitive. Therefore, potassium chloride 
was titrated into a series of independent fusion reactions, and the [KCI] ranged 
from 100 mM to 200 mM KCI. Stimulation of fusion by Mund 8a is clearly salt-
sensitive, as the increase from 100 to 200 mM KCI abolished stimulation of 
fusion, with noticeable decreases occurring at as little as 125 mM KCI (Figure 
6-1). 
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Figure 6-1. Stimulation of Fusion by Munci 8a is Sensitive to Ionic 
Strength. Increased ionic strength reduces stimulation of fusion by Munc18a in a 
concentration-dependent manner. Increasing amounts of potassium chloride 
were added to a series of six independent standard fusion reactions of 45 \i\ 
Syntaxin1a/H6-SNAP25b, 5 ul VAMP2-H6, and 20 uM Mund 8a-H6 to bring the 
final [KCI] to 112 mM, 125 mM, 150 mM, 175 mM or 200 mM, and endpoint 
fusion was plotted vs [KCI]. Control reactions in the presence and absence of 
20uM Munc18a-H6 (open circle) contained 105 mM and 100 mM KCI, 
respectively. All reactions were brought to a final volume of 60 ul with buffer 
A100 or buffer A0 (25 mM HEPES, 10% glycerol, pH 7.4-KOH). Adapted from 
Rodkey et al., 2008. 
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It is formally possible that Munc18a could be affected negatively by the 
temperature in the fusion assay (37 °C) and possibly lose function. Therefore, 
Mund 8a was preincubated with t-and-v-SNAREs, and the fusion assay 
conducted at 25 °C instead of 37 °C. Although SNARE-only fusion was impaired 
due to the low temperature, Munc18a still was able to stimulate fusion in the 
normal manner. 
6.3 Munc18a is Sensitive to OG Detergent 
When Munc18a is mixed with the assembled t-SNARE complex in 1% OG 
in order to reconstitute the entire complex, Mund 8a often precipitates as a white 
flocculent layer that can be separated from functional proteoliposomes during 
flotation. Therefore, it is possible that OG has a negative effect upon the 
conformation of Mund 8a that may cause the protein to aggregate and/or 
precipitate. The practical limitations of reconstitution by dilution and dialysis 
necessitate use of a detergent with a high CMC such as OG. 
In order to investigate if OG has an effect on the conformation of 
Mund 8a, or if exposure to any type of detergent affects Mund 8a, Mund 8a was 
digested by the protease trypsin in the presence of Triton X-100 or OG 
detergents, and the digested bands compared to a digest conducted in the 
absence of detergent. The apparent differences in digestion pattern suggest that 
OG affects the conformation of Mund 8a in some way, which could lead to the 
observed aggregation and precipitation of Mund 8a in the presence of OG. 
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Figure 6-2. Exposure to the Detergents Triton X-100 and n-octylglucoside 
Differently Affect Munc18a Digestion by Trypsin. Munc18a protein was 
exposed to buffer containing either 1% Triton X-100, 1% n-octylglucoside or no 
detergent, and the protease trypsin titrated in increasing amounts. The mixtures 
were incubated 1 hour at 37 °C to activate the protease. Digestion was halted by 
addition of 1 mM of the protease inhibitor AEBSF. Digestion was resolved by 
running the samples on a 10% Novex NuPAGE Bis-Tris gel stained with 
Coomassie Blue. Lanes 1 & 2 - undigested Munc18a in Buffer A200. Lanes 3, 
4, 5, 6 - Munc18a digested with trypsin in increasing amounts (Left to Right -
0.001, 0.01, 0.1,1 unit Trypsin) in Buffer A200. Lanes 7, 8, 9, 1 0 - Munc18a 
digested in increasing amounts in Buffer A200 + 1% Triton X-100 detergent. 
Lanes 11,12, 13,14 - Munc18a digested in Buffer A200 + 1% OG with 
increasing amounts of Trypsin. Differences in the patterns of digestion suggest 
that Munc18a may adopt different conformations depending on the detergent to 
which it is exposed. 
Chapter 7: Future Work 
Although this work strongly suggests that Munc18a functions to stimulate 
the membrane fusion process, and does so by favorably placing the Syntaxinla 
NRD and recruiting VAMP2 for fusion, it is still unclear which domains or specific 
residues of Mund 8a are responsible for this process. Although the Munc18a 
mutations made here (E59R and R39E) show some deleterious effects on 
Munc18a function, the effects are rather minor. Recent work in C. elegans (Boyd 
2008) that found an unci 8 mutation thought to disrupt binding to the assembled 
t-SNARE complex suggests that the homologous Munc18a mutation (Y337L) 
could function the same way, and possibly eliminate stimulation of fusion by 
Mund 8a. This hypothesis would be easily tested by use of site-directed 
mutagenesis to create a Mund 8a Y337L mutant and adding it to a standard 
fusion reaction. If a severe defect in fusion is observed, the secondary structure 
of the mutant should be compared to that of wild-type Mund 8a by circular 
dichroism (CD) spectroscopy to determine if the mutation fundamentally alters 
the conformation of the protein. 
The structure of Mund 8a has been solved by cocrystallization with 
Syntaxinla, but the structure of Mund8a bound to the neuronal t-SNARE 
complex is not known. Coexpression of untagged Mund 8a and 
Syntaxin1aATMD/SNAP25b has been successful, although the stoichiometry 
appears not to differ from that observed in Munc18a/t-SNARE complex binding 
experiments. Thus, it may be possible to co-crystallize Mund 8a and the 
assembled t-SNARE complex, albeit in the absence of the Syntaxinla 
transmembrane domain. 
The issue of reaching a 1:1 stoichiometry between Munc18a and the 
assembled t-SNARE complex has been a stumbling block to complete 
interpretation of results. It may be possible to coexpress and reconstitute a 
Syntaxin1a/Munc18a heterodimer, and base interpretations of stoichiometry upon 
that result. Alternatively, it may be possible to reconstitute Syntaxinla with high 
efficiency into extruded liposomes, and then to mix the Syntaxinla 
proteoliposomes with Mund 8a and refloat the mixture to separate unbound 
material. 
As Munc18c is known to inhibit fusion of Syntaxin4a/SNAP23 and VAMP2 
(Brandie et a/., 2008), it is possible that constructing domain swap chimeras 
between the two proteins may elucidate the domains responsible for Mund 8a-
mediated stimulation of membrane fusion. Similarly, it may be possible to 
construct Mund 8a/Sec1 p chimeras to determine the functional domains of either 
protein, especially considering that Mund 8a fails to interact with yeast SNAREs. 
Although Mund 8b has been successfully expressed in E. coli, it is unclear what 
its functional consequences on SNARE proteins derived from different systems 
may be, and whether it would stimulate or inhibit in vitro fusion. 
Further investigation of the cooperation between Mund 8a and 
Synaptotagmin is possible, although it may be necessary to express and 
reconstitute Syntaxinla in isolation, which has proven difficult (Weber era/., 
1998). Technical hurdles to successful reconstitution of Syntaxinla in isolation 
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may be overcome by use of extruded liposomes, which enable much greater 
incorporation efficiency than proteoliposomes made by detergent dilution and 
dialysis. Yield of recombinant Syntaxin1a-H6 has been increased to ~1 mg/mL 
by systematic optimization of expression conditions. Given a successful 
reconstitution of Syntaxinla, addition of the cytoplasmic (C2AB) domain of 
Synaptotagmin I should drive formation of the assembled t-SNARE complex upon 
addition of SNAP25b. Addition of soluble Munc18a should favorably place the 
Syntaxinla NRD, and addition of 1 mM Ca2+ may then trigger fusion, allowing 
complete recapitulation of the molecular pathway in vitro. 
Appendix A 
Homodimerized VAMP2 Remains Fusogenic 
Several studies suggest that VAMP2 may homodimerize via associations 
between transmembrane domains (Laage and Langosch, 1997), although the 
associations are thought to be weak (Kroch and Fleming, 2006). Reconstitutioh 
of donor proteoliposomes by detergent dilution and dialysis containing an 
especially high concentration of VAMP2 (100 |il input protein, 642 ug, 36 nmol) 
resulted in formation of VAMP2 homodimers and homooligomers (Figure 3-7A) 
as well as monomers. Therefore, it appeared to be possible to test the effect of 
VAMP2 homooligomerization on in vitro membrane fusion. 
Several methods were employed to drive quantitative homodimerization of 
VAMP2. Chemical cross-linking of wild-type VAMP2 protein in 1% OG detergent 
solution was attempted through primary amines by use of Bis(Sulfosuccinimidyl) 
suberate (BS3) without success. A cysteine residue was introduced near the 
center of the VAMP2 H3 domain via site-directed mutagenesis, resulting in a 
VAMP2 L63C mutant protein. Chemical sulfhydryl-to-sulfhydryl cross-linking of 
VAMP2 L63C protein was attempted by application of either Bis-
Maleimidoethane (BMOE) or 1,4-bis-maleimidobutane (BMB), although neither 
BMOE or BMB were able to completely cross-link VAMP2 L63C, even in high (10 
mM) amounts. 
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Figure A1A. VAMP2-H6 L63C Homodimerizes When Purified Under Non-
Reducing Conditions. Successive fractions of a 4L prep of VAMP2-H6 L63C are 
shown. 5 |il of each fraction was run on a non-reducing 4%/12% SDS-PAGE gel 
stained with Coomassie Blue. The protein was purified under the same 
conditions as wild-type VAMP2-H6 (pTW38), except that reducing agent (BME or 
DTT) was omitted in all buffers. Homodimerized VAMP2-H6 L63C runs at -33 
kDa. 
Figure A1B. VAMP2-H6 L63C Quantitatively Homodimerizes When 
Reconstituted Under Non-Reducing Conditions. VAMP2 L63C protein purified 
under non-reducing conditions was reconstituted into donor proteoliposomes by 
detergent dilution and dialysis under non-reducing conditions in buffer A100. 
VAMP2 L63C input protein and proteoliposomes were run on a 4%/12% SDS-
PAGE gel either in the presence or absence of 5% BME in the gel loading buffer. 
Lanes 1 and 5 - 5 ul of input VAMP2-H6 L63C protein in the presence (Lane 1) 
or absence (Lane 5) of BME. Lanes 2, 3, and 4 - 5 ul of VAMP2-H6 L63C 
proteoliposomes with successively decreasing input protein amounts (50 |il, 25 
|il, 12.5 ul) run on the gel in the presence of 5% BME. Lanes 6, 7, and 8 - 5 ul of 
the same proteoliposomes run on Lanes 2, 3, and 4, except that gel loading 
buffer lacked BME. VAMP2 L63C protein appears to dimerize quantitatively 
when reconstituted in non-reducing conditions. Apparent degradation products 
resulting from purification that appear to run at lower molecular weights are 
removed during proteoliposome flotation. 
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Despite failure of chemical cross-linking experiments, purification of 
VAMP2 L63C protein in non-reducing conditions resulted in an apparently greater 
quantity of homodimer than monomer (Figure A1A). Reconstitution of 
homodimerized VAMP2 L63C protein in non-reducing conditions resulted in 
proteoliposomes bearing quantitatively dimerized VAMP2 L63C protein (Figure 
A1B). Surprisingly, the homodimerized VAMP2 L63C proteoliposomes appeared 
to be as functional as monomeric VAMP2 L63C in an in vitro membrane fusion 
reaction (Figure A2A). In this experiment, homodimerized VAMP2 L63C 
proteoliposomes were fused with a mutant t-SNARE complex in which cysteines 
present on the SNAP25b interhelical region were replaced with serines 
(Syntaxin1a/SNAP25 C->S) in order to avoid including reducing agent in the 
reaction that could monomerize VAMP2 L63C. Completed fusion reactions were 
then immunoblotted using an anti-VAMP antibody, and VAMP2 L63C appears to 
remain homodimerized, suggesting that a VAMP2 L63C homodimer is fully 
fusogenic and remains homodimerized throughout the course of the fusion 
reaction (Figure A2B). 
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Figure A2A. Homodimerized VAMP2 L63C Remains Fusogenic. Representative 
kinetic fusion graph of homodimerized VAMP2 L63C donor proteoliposomes 
fused with Syntaxin1a/H6-SNAP25b C->S acceptor proteoliposomes lacking 
reducing agent. VAMP2 L63C (~1:50 protein:lipid ratio) and Syntaxin1a/H6-
SNAP25b C->S proteoliposomes (~1:100 protein:lipid ratio) were reconstituted 
without reducing agent, and input protein purified without reducing agent. 1 mM 
DTT was added to one reaction to compare the effect of monomeric and 
homodimerized VAMP2 L63C on in vitro membrane fusion. Data is reported as 
percent of maximum fluorescence. The fusion assay was performed as 
described in Figure 3-1 A, except that fusion reactions were conducted without 
preincubation, and 1 mM DTT added as needed immediately before initiation of 
fusion. Background signal was measured by inhibiting a fusion reaction with 20 
|iM CDV (solid line). Homodimerized VAMP2 L63C appears to fuse as well as 
monomeric VAMP2 L63C. 
Figure A2B. Homodimerized VAMP2 L63C Retains its Dimeric State Throughout 
the Fusion Reaction. Syntaxin1a/H6-SNAP25b C->S acceptor proteoliposomes 
were fused with VAMP2-H6 L63C in a standard in vitro fusion reaction either in 
the presence or absence of 1 mM DTT. Both t-SNARE and v-SNARE proteins 
were purified and reconstituted in non-reducing conditions. The end products of 
the fusion reactions conducted in the presence (Lanes 1-4) of reducing agent vs 
those conducted in the absence (Lanes 5-8) of reducing agent were 
immunoblotted. A titration series of the completed fusion reactions was boiled 
fifteen minutes at 95 °C and run on a nonreducing 4%/12% SDS-PAGE gel with 
loading buffer lacking reducing agent. Protein was transferred to a Hi Bond 
membrane for one hour at 100V, then washed three times with phospho-buffered 
saline + 0.1% Tween 20 (PBS-T). The membrane was blocked with milk 
dissolved in PBS-T overnight at 4 °C. The membrane was incubated with a 
monoclonal rat anti-VAMP primary antibody (CL69.1) at a 1:500 dilution at 25 °C 
for one hour, washed three times with PBS-T, and incubated 45 minutes at 25 °C 
with a 1:10,000 dilution of goat anti-mouse horseradish peroxidase (HRP). Film 
was exposed 30 seconds. VAMP2 L63C appears to remain quantitatively 
dimerized throughout the fusion reaction (Lanes 5-8), suggesting that the 
introduced disulfide bond (C63 - C63) is not broken during the fusion process. 
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The ability of SNARE regulators to influence fusion of homodimerized 
VAMP2 L63C and Syntaxin1a/SNAP25 C->S then was tested. Munc18a and the 
cytosolic domain of Synaptotagmin I (C2AB) in the presence of 1 mM Ca2+ were 
dialyzed against A200 pH 7.4 lacking reducing agent, then added to in vitro 
fusion reactions. Munc18a appears to lose its ability to stimulate membrane 
fusion, and is slightly inhibitory, although Munc18a protein lacking reducing agent 
still stimulates fusion of wild-type t-and-v SNAREs purified and reconstituted in 
the presence of reducing agent (1 mM DTT). This result suggests that Munc18a 
directly interacts with monomeric VAMP2 to stimulate membrane fusion. In 
contrast, Synaptotagmin 1 retains its ability to stimulate membrane fusion in the 
presence of 1 mM Ca2+ regardless of the oligomeric state of VAMP2, suggesting 
that Synaptotagmin 1 does not interact with the v-SNARE. 
Although Munc18a protein that has had reducing agent dialyzed away can 
still stimulate fusion of wild-type SNAREs, it is unable to stimulate fusion of 
Syntaxinl a/H6-SNAP25b C->S and homodimerized VAMP2 L63C or wild-type 
Syntaxinl a/SNAP25b and homodimerized VAMP2 L63C even with up to 5 mM 
DTT added before the three-hour preincubation period in both cases. Munc18a 
lacking reducing agent is still able to stimulate fusion of Syntaxinl a/H6-SNAP25b 
C->S and wild-type VAMP2 in reactions containing 1 mM DTT, suggesting that 
the inability of Munc18a to stimulate fusion of Syntaxinl a/H6-SNAP25b C->S and 
VAMP2 L63C is not due to the SNAP25b C->S mutations. Therefore, it is 
possible that the VAMP2 L63C mutation is inherently deleterious to the function 
of Munc18a. Alternatively, it is possible that application of 1 mM DTT to fusion 
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reactions fails to effectively reduce disulfide bonds and cannot effectively return 
VAMP2 L63C to a completely monomeric state. 
Although the SNARE regulators appeared to function differently on the 
dimerized v-SNAREs than on monomer, the effect of dimerized v-SNAREs on t-
SNARE/v-SNARE interactions was unclear. Therefore, a synthetic peptide 
known to structure the C-terminus of the assembled neuronal t-SNARE complex 
and speed fusion was added to fusion reactions of Syntaxin1a/SNAP25b C->S 
and dimerized VAMP2 L63C in the presence or absence of 1 mM DTT (Figure 
A3). 
Addition of the Vc peptide to reactions in the presence of 1 mM DTT 
stimulated fusion as observed with wild-type neuronal SNAREs (Figure A3, 
bottom panel). Surprisingly, addition of the Vc peptide to a reaction lacking DTT 
inhibited fusion significantly (Figure A3, top panel), suggesting that the dimerized 
form of VAMP2 L63C interacts functionally with t-SNARE complexes whose C-
termini are unstructured. 
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Figure A3. The Vc Peptide Differently Affects Fusion of Syntaxin1a/SNAP25 
C->S and Monomeric vs. Dimeric VAMP2 L63C. Kinetic fusion graphs of 
Syntaxin1a/SNAP25b C->S and VAMP2 L63C proteoliposomes produced by 
detergent dilution and dialysis, with t-SNARE protein:lipid ratios 1:113 and v-
SNARE protein:lipid ratios 1:30. Final volumes of reactions were 60 microliters. 
(A) Three microliters of Vc peptide added to a fusion reaction lacking reducing 
agent. Vc peptide was added upon initiation of fusion at 37 °C. Addition of the 
Vc peptide inhibits fusion ~2-fold. (B) Three microliters of Vc peptide were added 
to a fusion reaction as described above with 5 mM DTT added. The Vc peptide 
stimulates fusion as observed previously in a reducing environment with wild-type 
Syntaxin1a/SNAP25b and VAMP2. 
A rigorous procedure for reconstituting SNARE protein purified in 1% OG 
into preformed liposomes produced by extrusion was developed. 
Syntaxinl a/SNAP25 C->S and VAMP2 L63C were thus reconstituted into 
preformed extruded liposomes and tested in standard in vitro fusion assays. 
Lipid composition remained 85 mol % POPC and 15 mol % DOPS. 
Sizes of liposomes differ markedly between those produced by detergent 
dilution and dialysis and those produced by extrusion. Detergent dilution and 
dialysis proteolipbsomes follow a normal distribution with a size centered around 
~35 to 40 niti, while those produced by extrusion through pores of defined size 
are either 50,100, or 200 nm in diameter. The effect of liposome size on fusion 
has not been clearly defined, and it was possible that liposome size could 
influence fusion of dimerized VAMP2 L63C. 
Therefore, VAMP2 L63C and Syntaxinl a/SNAP25 C->S protein produced 
in the absence of reducing agent were reconstituted by detergent dilution/dialysis 
or into 50 or 100 nm extruded liposomes, and the effects on size tested by 
standard in vitro fusion assays. For these experiments, protein:lipid ratios of 
1:100 for t-SNARE proteoliposomes and 1:50 for v-SNARE proteoliposomes 
were used. In all cases, 45 nmol of acceptor (t-SNARE) proteoliposomes were 
fused with 5 nmol of donor (v-SNARE) proteoliposomes after preincubation. The 
effect of reducing agent was tested by the addition of 1 mM DTT to selected 
reactions at the beginning of the preincubation period. 
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Figure A4A. Fusion of Syntaxim a/SNAP25b C->S and VAMP2 L63C 
Proteoliposomes Produced by Detergent Dilution and Dialysis. 
Syntaxinl a/SNAP25b C->S protein and VAMP2 L63C protein both produced in 
the absence of reducing agent and in 1 % OG were reconstituted by the standard 
detergent dilution and dialysis methodology. Proteoliposomes were preincubated 
three hours in the presence or absence of 1 mM DTT, and fused 2:40 in a 
standard fusion assay. 45 microliters (45 nmol lipid) of t-SNARE 
proteoliposomes (1:100 protein:lipid) and 5 microliters (5 nmol lipid) of v-SNARE 
proteoliposomes (1:50 protein:lipid) were included. Addition of reducing agent 
has little effect on fusion rate or extent. 
Figure A4B. Fusion of Syntaxinl a/SNAP25b C->S and VAMP2 L63C 
Reconstituted into 50 nm Extruded Liposomes. Syntaxinl a/SNAP25b C->S 
protein and VAMP2 L63C protein both produced in the absence of reducing 
agent and in 1% OG were reconstituted into 50 nm extruded liposomes and 
fused in a standard in vitro fusion reaction. Lipid composition and amount were 
the same as in Figure A3A, but volumes adjusted to 50 microliters due to the 
more concentrated liposomes produced by extrusion. Proteoliposomes were 
preincubated three hours in the presence or absence of 1 mM DTT, and fused 
2:40 in a standard fusion assay. Results from three assays were averaged and 
the resulting traces plotted. Absence of reducing agent results in an ~2-fold 
stimulation of fusion above that of reactions with 1 mM DTT included. 
Figure A4C. Fusion of Syntaxinl a/SNAP25b C->S and VAMP2 L63C 
Reconstituted into 100 nm Extruded Liposomes. Syntaxinl a/SNAP25b C->S 
protein and VAMP2 L63C protein both produced in the absence of reducing 
agent and in 1% OG were reconstituted into 100 nm extruded liposomes and 
fused in a standard in vitro fusion reaction. Lipid composition and amount were 
the same as in Figure A3A, and volumes adjusted to 50 microliters. 
Proteoliposomes were preincubated three hours in the presence or absence of 1 
mM DTT, and fused 2:40 in a standard fusion assay. Results from three assays 
were averaged and the resulting traces plotted. In this case, addition of 1 mM 
DTT stimulates fusion ~2-fold in comparison to reactions conducted without 
reducing agent. 
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Although addition of reducing agent appears to have little effect on fusion 
of detergent dilution and dialysis proteoliposomes (Figure A4A), a large 
difference was observed in fusion of 50 nm extruded liposomes (Figure A4B). 
Surprisingly, addition of 1 mM DTT was significantly detrimental to fusion, as 
reactions lacking reducing agent fused ~2-fold more than those with DTT 
included. However, when 100 nm extruded liposomes were fused, inclusion of 
DTT stimulated fusion ~2-fold above that observed with reactions lacking DTT 
(Figure A4C). 
The reasons underlying the stimulation of fusion of 100 nm 
proteoliposomes by reducing agent and the inhibition of fusion of 50 nm 
proteoliposomes by reducing agent is unclear. Possible explanations include 
liposome curvature or increase in surface area, although an accurate physical 
explanation is unavailable at this time. However, taken together, these 
experiments suggest that the oligomeric state of the SNAREs, particularly the v-
SNARE, play a role in the regulation of membrane fusion. Specifically, it is clear 
that a homodimerized v-SNARE remains fusogenic in all cases tested, and that it 
remains in the homodimeric state throughout the course of the fusion reaction. 
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